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iAvant-propos
Ce me´moire pre´sente quelques quinze anne´es de recherches, depuis ma
the`se de doctorat en De´cembre 1991 et mon recrutement en tant que maˆıtre
de confe´rences en Octobre 1993 a` l’Universite´ de Nice Sophia-Antipolis. Ces
recherches se sont de´roule´es au sein du Laboratoire I3S (Universite´ de Nice
Sophia Antipolis-C.N.R.S. UMR 6070), successivement dans l’e´quipe PA-
COM, puis de 1995 a` 1998 dans le cadre du projet SLOOP, commun avec
l’INRIA Sophia Antipolis, et enfin depuis 1999 dans le cadre du projet OA-
SIS, e´galement commun avec l’INRIA Sophia-Antipolis.
A l’heure des remerciements, mes premie`res pense´es se dirigent sans he´si-
tation vers les jeunes chercheurs (doctorants, inge´nieurs, stagiaires de master)
que j’ai e´te´ amene´e a` encadrer ou co-encadrer, certains d’entre eux e´tant de-
puis devenus des colle`gues. Leur montrer la voie que nous voulions explorer,
leur permettre d’acque´rir la compre´hension ne´cessaire pour qu’ensuite nous
puissions l’exploiter ensemble, ne serait-ce que pour un temps, fut pour moi
un plaisir sans cesse renouvele´. La collaboration fructueuse qui se construit
petit a` petit avec Ludovic Henrio chercheur CNRS dans l’e´quipe depuis oc-
tobre 2005, est e´galement pre´cieuse. Mes remerciements vont aussi aux per-
sonnes dont quelques minutes d’attention, un ou deux conseils e´claire´s en
matie`re d’orientation ou d’organisation m’ont permis d’arriver a` mener ce
travail a` terme, sachant que le plus difficile fut de le mener en grapillant
c¸a ou la` quelques heures entre les taˆches plus urgentes : Laurence Rideau,
Jean-Marc Fe´dou, Serge Chaumette, Laure Blanc-Fe´raud, Didier Parigot,
Jean-Claude Bermond.
C’est vers mon plus proche collaborateur depuis mon arrive´e a` l’Univer-
site´ de Nice Sophia-Antipolis en 1993, Denis Caromel, que vont toute ma
gratitude et mon amitie´. A lui revient le me´rite de nous avoir engage´s sur
des pistes de recherche pertinentes dans cette the´matique de la programma-
tion par objets re´partie dans le cadre du grid computing. Qu’il soit assure´ de
mon infaillible engagement et soutien dans l’accomplissement de notre me´tier
d’enseignant-chercheur, ainsi que dans la plus difficile des e´preuves qu’il soit
donne´ de surmonter, celle de la disparition de sa femme et ses enfants.
Mes pense´es et remerciements vont e´galement a` ma tant regrette´e direc-
trice de recherche, Isabelle Attali, emporte´e par le tsunami de de´cembre 2004
ainsi que ses deux petits garc¸ons, Ugo et Tom, du meˆme aˆge environ que les
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deux miens. Ses encouragements a` tous les membres de l’e´quipe, et nos ami-
cales relations avaient cre´es depuis l’ave`nement du projet OASIS, un terrain
ide´al a` l’accomplissement des travaux de recherche autour de la program-
mation re´partie et de ProActive, qui constituent le sujet principal de cette
HDR. Je suis suˆre que sa confiance a` mon e´gard, la joie de vivre qui e´tait
la sienne, et son dynamisme n’ont cesse´ de m’accompagner dans l’aboutisse-
ment de cette HDR, meˆme depuis l’au dela`. Je me sens en partie he´ritie`re de
son enthousiasme a` monter des collaborations qu’elles soient nationales, ou
internationales, les faire aboutir, puis les faire vivre et qu’elles re´ussissent.
L’ambition est de promouvoir les re´sultats de recherche de l’e´quipe, les faire
e´voluer, les consolider, et ce par le biais de leur partage au sein de tels par-
tenariats, et de leur confrontation avec les besoins du monde industriel.
Enfin, c’est avec grand plaisir que je remercie tre`s since`rement mes rap-
porteurs et tous les membres de mon jury d’Habilitation, pour ce temps
pre´cieux qu’ils ont bien voulu consacrer a` l’e´valuation de mes travaux.
A mon e´poux, Jean-Christophe, et nos deux garc¸ons, Guillaume et Gabriel,
qui tout en me soutenant dans mon activite´ professionnelle, re´ussissent
dans le meˆme temps a` me pre´venir d’un engloutissement complet dans cette
meˆme activite´ . . .
Table des matie`res
I Synthe`se des Travaux 7
1 Introduction 9
1.1 Domaine de recherche . . . . . . . . . . . . . . . . . . . . . . . 9
1.2 Objectifs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
1.3 De´marche . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
1.4 Re´sume´ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
1.5 Organisation du me´moire . . . . . . . . . . . . . . . . . . . . . 14
2 Programmation paralle`le structure´e 17
2.1 Programmation paralle`le en langage acteur . . . . . . . . . . . 18
2.1.1 Architectures de machines paralle`les . . . . . . . . . . 18
2.1.2 Mode`le PRAM et machines paralle`les a` me´moire globale 19
2.1.3 Mode`le a` passage de message et machines paralle`les a`
me´moire totalement re´partie . . . . . . . . . . . . . . . 20
2.2 Exploiter le paralle´lisme de donne´es de manie`re structure´e . . 23
2.2.1 Principes et be´ne´fices de l’approche structure´e . . . . . 23
2.2.2 Limitations . . . . . . . . . . . . . . . . . . . . . . . . 25
2.2.3 Des squelettes a` paralle´lisme de donne´es . . . . . . . . 26
2.3 Types de donne´es cate´goriques paralle`les . . . . . . . . . . . . 26
2.3.1 Fondement d’une me´thode de programmation paralle`le
base´e sur des types de donne´es cate´goriques . . . . . . 27
2.3.2 Ne´cessite´ de mode`les de couˆt . . . . . . . . . . . . . . . 28
2.3.3 Ge´ne´ralisation a` des structures de donne´es non line´aires 28
2.3.4 Bilan . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
2.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
3 Structuration par Objets Actifs Mobiles 33
3.1 Caracte´ristiques du niveau applicatif . . . . . . . . . . . . . . 34
1
2 TABLE DES MATIE`RES
3.1.1 Mode`le de programmation de base . . . . . . . . . . . 34
3.1.2 Recouvrement calcul et communication . . . . . . . . . 36
3.1.3 Mobilite´ . . . . . . . . . . . . . . . . . . . . . . . . . . 38
3.1.4 Groupes type´s d’objets . . . . . . . . . . . . . . . . . . 40
3.2 Caracte´ristiques du niveau exe´cutif . . . . . . . . . . . . . . . 41
3.2.1 Inde´pendance vis-a`-vis du transport des messages . . . 42
3.2.2 Inde´pendance vis-a`-vis du lieu d’exe´cution . . . . . . . 43
3.3 Extension vers une approche par composants logiciels . . . . . 46
3.3.1 Composants distribue´s . . . . . . . . . . . . . . . . . . 46
3.3.2 Composants re´partis hie´rarchiques . . . . . . . . . . . 47
3.3.3 Proble`mes spe´cifiques lie´s a` la grille . . . . . . . . . . . 49
3.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
4 Application a` l’administration 55
4.1 Administration syste`me et re´seau . . . . . . . . . . . . . . . . 55
4.1.1 Contexte ge´ne´ral et Proble´matique . . . . . . . . . . . 55
4.1.2 Plateformes d’administration par agent mobile . . . . . 57
4.1.3 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . 60
4.2 Administration de plateformes a` services . . . . . . . . . . . . 60
4.2.1 Contexte ge´ne´ral et Proble´matique . . . . . . . . . . . 60
4.2.2 Besoins de l’Administration a` grande e´chelle . . . . . . 64
4.2.3 Solution pour l’administration a` grande e´chelle . . . . . 66
4.2.4 Groupes de connecteurs ProActive pour JMX . . . . . 67
4.2.5 Notifications JMX via ProActive . . . . . . . . . . . . 69
4.2.6 Exe´cution transactionnelle de plan de de´ploiement . . . 70
4.2.7 Exe´cution paralle`le de plan de de´ploiement . . . . . . . 77
4.3 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78
5 Conclusion - Perspectives 81
5.1 Programmation paralle`le oriente´e objet . . . . . . . . . . . . . 81
5.1.1 Mode`le OO-SPMD . . . . . . . . . . . . . . . . . . . . 81
5.1.2 Gestion des de´faillances au niveau applicatif . . . . . . 82
5.2 Composants re´partis et paralle`les . . . . . . . . . . . . . . . . 83
5.2.1 Raccourcis dynamiques et Reconfiguration . . . . . . . 84
5.2.2 Mode`le OO-SPMD et composants hie´rarchiques pa-
ralle`les . . . . . . . . . . . . . . . . . . . . . . . . . . . 84
5.2.3 Comportements autonomes . . . . . . . . . . . . . . . 85
5.3 Interope´rabilite´ des intergiciels de grille . . . . . . . . . . . . 87
TABLE DES MATIE`RES 3
5.4 De´ploiement et supervision . . . . . . . . . . . . . . . . . . . . 88
II Publications 91
1 Liste des articles 93
1.1 Programmation paralle`le structure´e . . . . . . . . . . . . . . . 93
1.2 Programmation a` objets paralle`le . . . . . . . . . . . . . . . . 93
1.3 Programmation par composants . . . . . . . . . . . . . . . . . 94
1.4 Administration . . . . . . . . . . . . . . . . . . . . . . . . . . 94
2 Articles 95
2.1 Programmation paralle`le structure´e . . . . . . . . . . . . . . . 95
2.1.1 Vers de la programmation paralle`le structure´e fonde´e
sur la the´orie des cate´gories. . . . . . . . . . . . . . . . 95
2.2 Programmation a` objets paralle`le . . . . . . . . . . . . . . . . 111
2.2.1 Distributed objects for parallel numerical applications . 111
2.2.2 Programming, Composing, Deploying for the Grid. . . 139
2.2.3 Object-Oriented SPMD. . . . . . . . . . . . . . . . . . 171
2.2.4 Grid Application Programming Environments. . . . . . 181
2.3 Programmation par composants . . . . . . . . . . . . . . . . . 201
2.3.1 From distributed objects to hierarchical grid components.201
2.4 Administration . . . . . . . . . . . . . . . . . . . . . . . . . . 221
2.4.1 System and Network Management Itineraries for Mo-
bile Agents. . . . . . . . . . . . . . . . . . . . . . . . . 221
2.4.2 A mobile-agent and SNMP based management plat-
form built with the Java ProActive library. . . . . . . . 235
III Annexes 243
1 Curriculum Vitae 245
1.1 E´tat civil . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 245
1.2 Formation et diploˆmes . . . . . . . . . . . . . . . . . . . . . . 245
1.3 Activite´s professionnelles . . . . . . . . . . . . . . . . . . . . . 246
1.4 Conseils et commissions . . . . . . . . . . . . . . . . . . . . . 247
1.5 Activite´s d’Enseignement . . . . . . . . . . . . . . . . . . . . . 247
4 TABLE DES MATIE`RES
1.5.1 Participation aux charges administratives lie´es a` l’en-
seignement . . . . . . . . . . . . . . . . . . . . . . . . . 247
1.5.2 Enseignements dispense´s . . . . . . . . . . . . . . . . . 247
1.6 Activite´s de recherche . . . . . . . . . . . . . . . . . . . . . . 249
1.6.1 Organisation et e´valuation de la recherche . . . . . . . 249
1.6.2 Collaborations scientifiques . . . . . . . . . . . . . . . 253
1.6.3 Contrats de Recherche . . . . . . . . . . . . . . . . . . 255
1.6.4 Participations a` des jurys de the`ses de doctorat . . . . 257
1.6.5 Encadrement de chercheurs . . . . . . . . . . . . . . . 258
2 Bibliographie personnelle 261
3 Bibliographie ge´ne´rale 271
Table des figures
1.1 Structuration de l’espace des recherches . . . . . . . . . . . . . 13
3.1 Mode`le d’objet actif . . . . . . . . . . . . . . . . . . . . . . . 35
3.2 Couplage de deux composants hie´rarchiques et paralle`les . . . 51
4.1 Exemple d’utilisation de l’extension de l’API JMX pour des
groupes de connecteurs . . . . . . . . . . . . . . . . . . . . . . 69
4.2 Interface graphique d’un outil d’administration d’un parc de
passerelles OSGi . . . . . . . . . . . . . . . . . . . . . . . . . 71
5.1 Architecture logicielle par groupes sur plusieurs niveaux pour
le support d’applications de type maitre-esclave - Utilisation
dans le cas de calculs en finance . . . . . . . . . . . . . . . . . 83
5
6 TABLE DES FIGURES
Premie`re partie
Synthe`se des Travaux
7
8
Chapitre 1
Introduction
1.1 Domaine de recherche
Notre activite´ de recherche se situe dans les domaines suivants :
– programmation paralle`le haut-niveau, dans un cadre re´parti, asynchrone,
he´te´roge`ne (typiquement, grilles de calcul)
– intergiciels supports dans un tel cadre (utilisation, conception, de´veloppement)
– administration de plateformes re´parties (application de ces concepts).
Plus globalement, nous nous inte´ressons aux mode`les, langages, outils de
de´veloppement et d’exe´cution (programmation, inte´gration, de´ploiement, su-
pervision), pour applications re´parties reque´rant un certain niveau de per-
formance.
1.2 Objectifs
La proble´matique re´currente qui constitue notre objectif est comment
concilier la facilite´ d’utilisation des langages, des outils, tout en masquant
l’he´te´roge´ne´ite´ des supports d’exe´cution re´partis, sans pour autant sacrifier
ni le degre´ d’expressivite´, ni les performances.
Les infrastructures re´parties qui constituent les supports d’exe´cution des
applications sont en constante e´volution (pour une vision synthe´tique de
l’e´volution de ces infrastructures et des proble´matiques de recherche associe´es
a` leur exploitation, on peut se re´fe´rer a` l’e´ditorial de l’ouvrage collectif que
j’ai coordonne´ [E2]1) :
1les re´fe´rences du type [Ex], [Jx], [Bx], etc., correspondent a` ma liste de publications
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– depuis les machines paralle`les de´die´es puis ge´ne´ralistes,
– en passant par les re´seaux locaux de stations de travail et de PCs,
– les grappes de machines baˆties autour d’un re´seau de communcication
si possible haute performance et propre a` la grappe,
– jusqu’aux grilles de calcul, ce qui rajoute au moins deux caracte´ristiques
importantes : l’interconnexion via un re´seau longue distance et plu-
sieurs domaines d’administration, d’ou` des performances de calcul et
de communication he´te´roge`nes, et des besoins de protection accrus.
Comparativement au cas se´quentiel, il est e´vident qu’il est plus complexe
de concevoir, programmer, de´ployer, surveiller une application qui met en
jeu plusieurs activite´s concurrentes, e´ventuellement avec l’objectif qu’elles
s’exe´cutent en paralle`le pour plus de performance.
Il est e´galement admis que, plus le niveau d’abstraction des outils pro-
pose´s a` l’utilisateur final (programmeur, ou administrateur) est e´leve´, plus
le nombre de de´tails techniques logiciels ou mate´riels qui peuvent lui eˆtre
masque´s devient grand, et plus le potentiel de portabilite´ (et de pe´rennite´)
de ses re´alisations est e´leve´. Cependant, toute la complexite´ inhe´rente au cas
re´parti se reporte sur les couches interme´diaires, situe´es entre les outils pro-
pose´s a` l’utilisateur et l’infrastructure cible. Maitriser la complexite´ inhe´rente
au sein de ces couches devient donc un re´el de´fi, qui passe en ge´ne´ral par des
compromis. Pour l’utilisateur final ce compromis se traduit en ge´ne´ral par
l’obligation de se confiner dans un cadre d’utilisation pre´de´fini et plus ou
moins contraignant. Le syste`me interme´diaire devant prendre en charge les
applications ainsi produites, c’est-a`-dire le syste`me ope´ratoire (runtime) aide´
ou non par des transformateurs tels des compilateurs, doit eˆtre conc¸u afin de
concilier performances et ge´ne´ricite´ pour plus de portabilite´. Nous pensons
que tout l’enjeu est de parvenir a` rendre le cadre d’utilisation le moins strict
possible et le plus aise´ possible, tout en re´pondant aux soucis de portabilite´,
re´utilisabilite´, efficacite´.
En re´sume´, le tryptique suivant de´limite bien ou` notre recherche se situe
et quel est le compromis que l’on explore : Puissance d’expression, Porta-
bilite´, Efficacite´. C’est pour avoir une chance d’apporter des re´ponses satis-
faisantes dans la recherche de ce type de compromis, que nous privile´gions
le paradigme de programmation a` objets et a` composants logiciels re´partis,
classe´e chronologiquement, donne´e dans le chapitre 2 de l’annexe, et reprise en partie sur
ma page web www.inria.fr/oasis/Francoise.Baude. Avec la signification : J : journal,
B : chapitre de livre, C : confe´rence avec se´lection et actes, W : confe´rence ou atelier, sans
actes ou a` diffusion plus restreinte, avec se´lection ou invitation R : rapport ou livrable.
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ces objets ou composants e´tant de´ploye´es et interagissant graˆce a` des inter-
giciels approprie´s. La suite du document argumentera bien e´videmment un
tel choix.
1.3 De´marche
L’arreˆte´ et la circulaire relatifs a` l’“Habilitation a` Diriger des Recher-
ches” (23 Novembre 1988, et 25 Avril 2002), de´finissent un certain nombre
de crite`res d’e´valuation du candidat quant a` son parcours de chercheur, dont
“son aptitude a` maˆıtriser une strate´gie de recherche dans un domaine scien-
tifique ou technologique suffisamment large et de sa capacite´ a` encadrer de
jeunes chercheurs” 2.
Nous travaillons tout d’abord au niveau des langages et bibliothe`ques de
programmation, qui permettent d’exprimer du paralle´lisme et dont la mise
en œuvre se preˆte naturellement a` des plateformes re´parties, le cas e´che´ant,
he´te´roge`nes ou a` grande e´chelle. C’est pour cette raison que nous ne nous
inte´ressons pas a priori a` l’e´tude des langages qui requie`rent pour leur mise
en œuvre l’utilisation d’une me´moire partage´e, physique ou virtuelle. Notre
de´marche consiste en quelque sorte a` inciter le programmeur a` guider la
mise en œuvre ulte´rieure en environnement re´parti, et ce en lui fournissant
un cadre associe´ avec un certain nombre de me´canismes :
– dont l’utilisation soit e´ventuellement implicite, et ce sans aucune mo-
dification du langage de base lui-meˆme
– dont l’exploitation efficace soit possible
– dont l’utilisation corresponde a` un re´el besoin applicatif ou ame`ne un
gain certain au moment de l’exe´cution (par exemple, en ame´liorant les
performances, ou en permettant simplement d’offrir un service de type
non-fonctionnel comme la se´curite´, la tole´rance aux pannes, l’e´quilibrage
de charge, etc).
Dans le meˆme temps, nous nous inte´ressons aux me´canismes et outils
(typiquement, des intergiciels) permettant de de´ployer ces applications (si
possible sur une large gamme de plateformes pour une bonne portabilite´),
les superviser, les adapter, les reconfigurer.
2Les autres crite`res e´tant la “la reconnaissance du haut niveau scienfitique du candidat”,
et “le caracte`re original de sa de´marche dans un domaine de la science.
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Finalement, l’objectif de ces recherches e´tant de faciliter la programma-
tion efficace de plateformes re´parties qui sont pre´sentes dans le milieu de
l’entreprise (au sens large), il nous semble important d’avoir un lien fort avec
le monde re´el. Ainsi, nous nous attachons a` nous investir dans des collabo-
rations contractuelles et/ou industrielles, qui nous permettent de mettre en
e´vidence la pertinence de notre approche sur des proble´matiques ou appli-
cations re´alistes, et comparer nos re´sultats avec d’autres utilisables dans ces
meˆmes contextes.
1.4 Re´sume´
L’axe de recherche suivi, qui a comme objectif de faciliter la program-
mation et la mise en œuvre d’applications paralle`les et re´parties, peut eˆtre
pre´sente´ synthe´tiquement selon un espace de´fini selon les trois dimensions
(voir figure 1.1) :
1. proprie´te´s non-fonctionnelles que l’on se doit d’offrir
2. paradigmes de programmation adapte´s pour la prise en compte de telles
proprie´te´s
3. degre´ d’automatisation ou de sophistication des outils requis pour pou-
voir rendre possible la mise en œuvre des applications sur les plate-
formes re´parties cibles.
Les contributions et travaux en cours s’orientent selon deux angles d’at-
taque, comple´mentaires et concourant a` cet objectif : l’un consiste a` propo-
ser des extensions aux paradigmes de programmation paralle`le et re´partie.
En particulier, on se donne comme objectif que les applications obtenues
soient portables et entre autre, puissent s’exe´cuter sur grilles de calcul, et
plus ge´ne´ralement sur tout support re´parti constitue´ de la mise en re´seau
d’e´quipements he´te´roge`nes. L’autre consiste a` de´montrer le potentiel et l’inte´reˆt
a` utiliser ces paradigmes et leurs extensions apporte´es.
Selon le premier angle, nous nous basons principalement sur une me´thodo-
logie de programmation par objets actifs et composants logiciels re´partis, et
nous avons essentiellement contribue´ a` leur extension pour du paralle´lisme :
recouvrement calcul communication [J3,J5], gestion de la mobilite´ [J4] et du
placement des activite´s [B1,B2,C20], groupes paralle`les d’activite´s [B1,C17],
composants re´partis et paralle`les [C12,B1]. Nous pensons que le paradigme
par composants logiciels (qui de plus peut constituer le mate´riau de base
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Fig. 1.1 – Structuration de l’espace des recherches
pour la programmation de services [B3]) est suffisamment riche pour pouvoir
inte´grer les qualite´s d’autonomicite´ devenues incontournables pour la mai-
trise des plateformes cibles d’aujourd’hui et de demain : plateforme globale
comple`tement ouverte, baˆtie sur Internet, qui offre a` ses utilisateurs des ser-
vices dont la nature rele`ve de la combinaison de multiples fonctionnalite´s de
type communication, calcul, stockage. Nous orientons donc notre travail vers
l’introduction de qualite´s autonomes au sein des composants logiciels re´partis
[W22] (tel que nous l’explorons dans le projet europe´en de type IP, Bionets).
Le second angle d’attaque consiste a` e´largir les perspectives d’utilisa-
tion de ce type de programmation re´partie par objet et composant. Un ef-
fort est fait quant aux types d’application. Au lieu de ne conside´rer que
des champs d’application pre´cis, par exemple, le calcul dans le domaine
des sciences ([C13] revisite´ par une approche tout composant dans le pro-
jet ANR DiscoGrid [R18]), ou de la finance (projet ANR GCPMF), . . .on
s’inte´resse e´galement a` des applications qui peuvent constituer des outils
d’inteˆre´t ge´ne´ral ; par exemple, des plateformes d’administration syste`me et
re´seau [C9,C11], des outils d’approvisionnement (de´ploiement) de services
sur un parc d’e´quipements (projet RNRT PISE [W23]). Les outils cible´s par
d’autres de nos travaux en de´marrage, rele`vent de : la mise en œuvre de
services de communication re´partis sur re´seau mobile (projet Bionets), la
gridification de serveurs et de bus d’entreprise (projets ITEA S4ALL, ARC
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Automan et industriel AGOS).
Ainsi les perspectives d’utilisation de notre approche, et de l’environne-
ment associe´ ObjectWeb ProActive, pour la programmation et la mise en
œuvre paralle`le et re´partie concernent n’importe quelle application re´sultant
de l’interaction d’entite´s logicielles re´parties. De plus, nous pourrions meˆme
envisager que certaines de ces applications, qui sont plutoˆt conside´re´es comme
des outils, puissent enrichir l’environnement lui-meˆme. Par exemple, un outil
d’approvisionnement de composants logiciels, efficace et robuste car re´alise´
par le biais d’objets actifs, mobiles et paralle`les, pourrait eˆtre utile afin de
de´ployer sur des parcs de grande taille, des applications de´veloppe´es pour cet
environnement. De meˆme, un outil de supervision efficace et passant bien a`
l’e´chelle, re´alise´ selon ce paradigme a` objet actif et composant, pourrait eˆtre
inte´gre´ a` l’environnement en vue de son administration lorsque il est utilise´
a` grande e´chelle.
1.5 Organisation du me´moire
Ce me´moire s’attache a` pre´senter une synthe`se de nos travaux depuis
1991 (anne´e de mon doctorat). Nous allons essayer de mettre en avant la
cohe´rence the´matique de notre activite´ de recherche.
Nous e´viterons, autant que possible, de paraphraser le contenu de nos
publications ou des manuscrits de doctorats (co)-encadre´s . . .Nous serons
plutoˆt a` la recherche d’un e´clairage nouveau et d’une articulation entre les
diffe´rents the`mes.
Dans la premie`re partie de cette synthe`se (Chapitre 2) nous abordons les
aspects lie´s aux langages de programmation paralle`le exploitant essentielle-
ment le paralle´lisme dit de donne´es (ou de re´solution). Cette synthe`se repose
sur des contributions personnelles qui ne sont pas re´centes. Ne´anmoins, un
effort est fait pour les situer au vu de travaux plus re´cents au sein de la
communaute´. Elle peut donc e´ventuellement eˆtre saute´e ! Cependant, elle a
l’avantage de mettre en lumie`re les proble´matiques et orientations choisies
alors, et qui e´clairent donc mieux nos the`mes de recherches actuels.
Le Chapitre 3 est de´die´ a` nos travaux autour du concept a` objet actif.
Nous montrons dans quelles directions nous avons contribue´ a` fournir des
extensions a` ce concept afin de structurer la gestion du paralle´lisme et de la
re´partition. Nous revenons sur diffe´rents me´canismes et concepts introduits
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afin de : recouvrir calcul et communication, permettre aux objets d’eˆtre mo-
biles, organiser les objets en groupes et communiquer efficacement avec eux.
Nous de´crivons ensuite les efforts accomplis pour rendre portable le support
d’exe´cution de ces objets. Nous terminons par la pre´sentation de l’exten-
sion de cette approche objet pour programmer des applications paralle`les et
re´parties a` l’aide de composants logiciels.
Le chapitre 4 est de´die´ a` l’illustration de l’utilisation des concepts intro-
duits dans le chapitre 3, dans des domaines d’application autres que ceux
ou` la programmation paralle`le est habituellement utilise´e. Nous pensons que
la prolife´ration des e´quipements en re´seau et donc celle des applications ou
services qu’ils proposent, ne´cessite l’usage de concepts et de techniques issus
du paralle´lisme. Nous e´tudions l’utilisation d’objets actifs mobiles pour la
supervision syste`me et re´seau. Nous montrons ensuite comment les groupes
d’objets actifs peuvent eˆtre utiles pour la gestion de parcs d’e´quipements de
grande taille.
En guise de conclusion et perspectives, le chapitre 5 pre´sente l’ensemble
des axes de recherche en cours. Chacun de ces axes constitue un prolongement
naturel des recherches pre´sente´es dans ce me´moire : programmation paralle`le
oriente´e objet, composants paralle`les et re´partis, interope´rabilite´ des syste`mes
de grille, de´ploiement et supervision. Comme preuve de l’effort constant pour
contribuer aux travaux de la communaute´ acade´mique ou industrielle, nous
insistons sur les partenariats et contrats qui soutiennent ces axes.
La Partie II regroupe les publications qui servent de support a` ce me´moire.
Suivent un curriculum vitae, une bibliographie personnelle, puis ge´ne´rale.
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Chapitre 2
Programmation paralle`le
structure´e
Nos premiers travaux de recherche de´bute´s en 1988 e´taient centre´s autour
de la comparaison des puissances d’expression et d’efficacite´ d’implantation
du mode`le acteur et du mode`le PRAM [C2], dans l’optique d’exploiter le
paralle´lisme de donne´es. Une vision succinte de ces travaux, poursuivis durant
notre post-doctorat est donne´e dans l’article [Section 2.1.1, page 95]1 . Cet
article motive l’inte´reˆt d’une approche de programmation paralle`le a` base de
squelettes, constituant un bon compromis pour une exploitation maitrise´e
des machines et supports de calcul a` paralle´lisme massif, et donc centre´e sur
le paralle´lisme que l’on peut extraire en pre´sence d’une quantite´ importante
de donne´es a` traiter. Ce qui nous a motive´ est donc une approche paralle`le
structurante, articule´e autour des structures de donne´es globales (liste, arbre,
etc), offrant un fort potentiel de re´utilisation (ope´rateurs ge´ne´riques sur de
telles structures de donne´es), et dans le meˆme temps, un fort potentiel de
mise en œuvre efficace.
Ce chapitre essaye de re´sumer et positionner de manie`re aussi synthe´tique
que possible ces recherches ; nous nous efforcerons surtout de donner tous les
e´le´ments permettant de comprendre la de´marche, qui depuis notre arrive´e au
laboratoire I3S nous a amene´e a` recentrer/focaliser nos recherches actuelles
autour d’une approche oriente´e objet pour la programmation paralle`le et
re´partie.
1les re´fe´rences du type [Section 2.1.4, page 90] indiquent un article inclus dans la partie
II du manuscrit, Chapitre 2. Une notation indexe´e de la forme [Section 2.1.4, page 90+14]
permet une refe´rence a` une page donne´e de l’article.
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2.1 Programmation paralle`le en langage ac-
teur
La question principale pose´e puis re´solue par notre travail de doctorat
e´tait la suivante : La programmation par acteurs (taˆches asynchrones, concur-
rentes, e´changeant uniquement des messages) peut-elle eˆtre paralle`le ?
2.1.1 Architectures de machines paralle`les
Dans ces anne´es fin 1980, de´buts des anne´es 1990, les machines paralle`les
a` me´moire physique re´partie se re´pandaient. La raison principale pour dis-
poser d’une me´moire physique re´partie et non centralise´e, venait du souhait
d’interconnecter un nombre de CPUs toujours plus important autour d’un
re´seau d’interconnexion rapide, a` faible diame`tre (distance maximum entre
n’importe quelle paire de processeurs) et suffisamment riche en liens de com-
munication pour permettre du paralle´lisme dans la gestion d’un nombre im-
portant de communications simultane´es. Se posait la question du placement
des bancs me´moire. Deux familles de solutions se pre´sentaient, que l’on peut
sche´matiquement exposer ainsi :
– les bancs me´moire et les CPUs sont place´s de part et d’autre du re´seau
d’interconnexion. Toute requeˆte d’acce`s a` la me´moire a donc la meˆme
latence minimum, qui est le temps de traverse´e du re´seau de part
et d’autre, exprime´ en ge´ne´ral de manie`re proportionnelle au nombre
d’e´tages interme´diaires constitue´s de mini-routeurs a` traverser 2
– chaque processeur dispose de sa propre me´moire locale, la paire consti-
tuant un nœud. C’est par le biais de ses capacite´s de communication
avec des nœuds voisins qu’un processeur peut obtenir une donne´e de
n’importe quel banc me´moire situe´ sur un des nœuds du re´seau. La no-
tion de voisinage physique devient alors importante, puisque les temps
d’acce`s a` une donne´e sur la machine sont proportionnels a` la distance
qui se´pare deux nœuds, distance qui n’est donc pas toujours e´gale au
diame`tre.
2un exemple typique est le re´seau butterfly constitue´ de N CPUs, N bancs de me´moire,
log N e´tages de N routeurs 2x2 chacun, les sorties de chaque routeur d’un e´tage donne´
e´tant relie´es respectivement au routeur de l’e´tage suivant ayant la meˆme position et au
routeur de l’e´tage suivant dont l’e´loignement est deux fois plus grand a` chaque fois.
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En terme de conception d’architecture mate´rielle, la deuxie`me cate´gorie
est apparue historiquement apre`s la premie`re, du fait de sa plus grande exten-
sibilite´ : a` condition que le nombre de liens d’interconnexion par nœud reste
constant, il suffit de brancher de nouveaux nœuds a` ceux qui n’ont pas encore
tous leurs voisins, pour augmenter les capacite´s de traitement de la machine
paralle`le. Au contraire, dans le premier cas, rajouter de nouveaux CPUs et
bancs de me´moire, requiert de repenser l’architecture comple`te du re´seau de
routeurs. L’arche´type d’un nœud permettant de construire des machines pa-
ralle`les rentrant dans la seconde cate´gorie est le Transputer [41] disposant
d’un CPU et de me´moire, ainsi que de 4 liens de communications, servant
de brique de base, type Lego, pour baˆtir des architectures en forme de cubes
(grilles de dimension 3) (par ex. la J-machine [61]).
2.1.2 Mode`le PRAM et machines paralle`les a` me´moire
globale
La premie`re cate´gorie de machine paralle`le, ou` le temps d’acce`s a` la
me´moire est uniforme, a naturellement conduit a` privile´gier l’utilisation d’un
paradigme de programmation paralle`le fonde´ sur une me´moire commune.
Le mode`le the´orique de calcul paralle`le a` me´moire commune, c’est-a`-dire
le mode`le PRAM [38], extension naturelle du mode`le RAM, s’ave´rait donc un
candidat adapte´ pour l’expression et l’e´valuation d’algorithmes paralle`les. La
classe de proble`mes pour lesquels il existe un algorithme PRAM permettant
de les re´soudre pour une donne´e d’entre´e de taille N, en temps paralle`le de
l’ordre de O(logkN) en utilisant un nombre de processeurs de l’ordre de O(N)
regroupe les proble`mes qu’on sait re´soudre rapidement en paralle`le. Cette
classe de complexite´ se nomme NC (et plus pre´cise´ment NCPRAM dans la
suite). De plus, NCPRAM contient des proble`mes dont la re´solution paralle`le
est optimale, c.a.d. ayant une efficacite´ en O(1). L’efficacite´ se mesure par
le rapport du nombre de processeurs ne´cessaires, multiplie´ par le temps de
re´solution en paralle`le, sur le temps de re´solution se´quentiel.
La se´mantique ope´rationnelle du mode`le de calcul PRAM peut eˆtre qua-
lifie´e de SIMD (Single Instruction Multiple Data), selon la classification bien
connue de Flynn. Cependant, dans le mode`le PRAM, il est fait l’hypothe`se
qu’une instruction d’acce`s a` n’importe quelle adresse en me´moire globale
commune a un temps d’exe´cution similaire a` n’importe quelle autre instruc-
tion (une instruction d’acce`s a` la me´moire commune par n’importe quel pro-
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cesseur, en e´criture ou en lecture s’exe´cute en temps O(1)3).
Avec l’apparition de machines paralle`les de la premie`re cate´gorie, il s’est
ave´re´ utile d’inventer des protocoles d’acce`s simultane´s a` la me´moire globale
commune qui, malgre´ la pre´sence d’un re´seau d’interconnexion a` traverser, ne
modifient pas la complexite´ des proble`mes. L’objectif a e´te´ atteint : il existe
de nombreux protocoles de communication de N messages repre´sentant N
requeˆtes d’acce`s en lecture ou en e´criture a` la me´moire commune, capables de
router ces messages en un temps paralle`le O(log N), avec une forte probabilite´
[68, 82]. Ainsi, si un proble`me est dans NCPRAM il y reste meˆme lorsque il
est re´solu autrement que de manie`re the´orique, c’est-a`-dire sur une machine
paralle`le !
De plus ces protocoles permettent une e´mulation efficace du mode`le PRAM
sur une ve´ritable machine disposant de P processeurs, P e´tant de l’ordre de
N/log N. Dans ce cas, chaque processeur physique simule O(log N) proces-
seurs PRAM. Il faut cependant que le re´seau d’interconnexion soit assez riche
en routeurs ou en liens de communication pour supporter l’acheminement de
ces O(N) messages en temps maximum O(log N). C’est le cas des machines
paralle`les de la premie`re cate´gorie : le nombre total de routeurs est d’un
facteur logarithmique plus e´leve´ que le nombre de processeurs.
Intuitivement, il y a suffisamment de place (moyens mate´riels) dans le
re´seau d’interconnexion pour que le protocole de communication arrive a`
re´partir tous les messages a` router sans cre´er de contention. Par contre, ce
n’est pas le cas de la seconde cate´gorie de machines paralle`les, notamment
celles pour lesquelles le nombre de liens de communication par nœud est une
constante, quel que soit le nombre total de nœuds.
2.1.3 Mode`le a` passage de message et machines pa-
ralle`les a` me´moire totalement re´partie
La seconde cate´gorie de machine paralle`le, ou` tous les bancs me´moire sont
en quelque sorte prive´s a` chaque nœud, a naturellement conduit a` l’utilisa-
tion d’un paradigme de programmation paralle`le privile´giant l’e´change d’in-
formation avec les voisins directs de chaque nœud. Des caracte´ristiques d’une
3dans la variante CRCW (Concurrent Read, Concurrent Write) du mode`le PRAM,
et sous certaines politiques de gestion des conflits en e´criture ; a` l’oppose´, la variante
EREW (Exclusive Read, Exclusive Write) requiert en plus de prendre en compte dans
l’algorithme le fait que plusieurs acce`s concurrents a` la meˆme adresse en me´moire globale
sont impossibles.
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telle architecture physique de´coule donc un paradigme de programmation pa-
ralle`le fonde´ sur l’expression de taˆches paralle`les asynchrones, communicant
par e´change explicite de messages, taˆches si possible place´es sur des nœuds
voisins. Les langages de programmation par acteur [5] sont justement fonde´s
sur un tel paradigme. Dans sa version la plus e´pure´e, un acteur est une taˆche
asynchrone, autonome, qui interagit avec les autres acteurs qui font partie
de ses connaissances (pour lesquels il a une re´fe´rence) par envoi ou re´ception
asynchrone de messages.
La proble´matique que nous nous sommes pose´s alors e´tait la
suivante : le paralle´lisme de taˆches (exprime´ par exemple via
un langage acteur) semble naturel pour exploiter le paralle´lisme
physique de telles architectures. Mais, qu’en est-t-il pour le pa-
ralle´lisme de donne´es ?
Pour cela, on a commence´ a` de´finir un mode`le de calcul paralle`le, que l’on
a nomme´ mode`le acteur. Dans ce mode`le, un algorithme s’exprime a` l’aide
de N acteurs asynchrones, et son temps d’exe´cution paralle`le se mesure par
le maximum du nombre de messages traite´s se´quentiellement pas un acteur
durant l’exe´cution de l’algorithme. Selon ce mode`le, on a de´fini la classe de
proble`mes paralle`les inte´ressants NCActeur, pour lesquels, N acteurs re´solvent
collectivement le proble`me en temps paralle`le O(logkN).
La proble´matique aborde´e durant notre travail de doctorat se raffine donc
de la manie`re suivante : NCPRAM = NCActeur ? C’est ce que nous avons re´ussi
a` de´montrer dans notre the`se et publie´ dans [C2,C3]. La de´monstration passe
entre autre par la simulation d’une PRAM sur un re´seau d’acteurs, s’inspi-
rant des protocoles mentionne´s pre´alablement pour e´muler efficacement une
machine PRAM sur une machine paralle`le de la premie`re cate´gorie (bancs
me´moire se´pare´s des CPUs). L’e´mulation d’une machine PRAM sur un re´seau
d’acteurs devient donc assez comparable a` l’implantation d’une machine
PRAM sur une machine paralle`le de premie`re cate´gorie, avec des acteurs de-
vant jouer le roˆle de routeurs du re´seau d’interconnexion. Donc, l’e´mulation
est force´ment d’un facteur logarithmique en temps plus couˆteuse (en ayant
e´galite´ des 2 classes de complexite´, puisque e´galite´ des temps de calcul pa-
ralle`les a` des facteurs logarithmiques multiplicatifs pre`s . . .). Ne´anmoins, nous
avons de´montre´ qu’il n’est pas possible d’avoir une efficacite´ optimale : intui-
tivement, ceci est intrinse`que au fait qu’un acteur n’a qu’un nombre borne´
d’acteurs voisins, et qu’il ne peut de toute manie`re pas envoyer de mes-
sages en paralle`le vers ces voisins. Donc, pour effectuer un routage de O(N)
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requeˆtes paralle`les d’acce`s en me´moire en temps O(logN), il faut O(N ·logN)
acteurs. C’est a` dire, qu’il faut disposer d’autant d’acteurs que l’on aurait
de routeurs a` degre´ constant, constituant le re´seau de communication d’une
machine paralle`le de premie`re ge´ne´ration.
Ce travail nous a donc permis de mieux caracte´riser les programmes ac-
teurs paralle`les. En effet, par la nature meˆme du langage (concurrent, asyn-
chrone, guide´ par les messages) c’est uniquement le paralle´lisme dit de taˆche
que l’on peut exploiter. Pour autant, l’algorithmique PRAM permet d’aider
a` concevoir des algorithmes a` passage de messages entre acteurs qui soient
vraiment paralle`les (donc dans la classe de complexite´ NC ). S’inspirant de
l’algorithmique paralle`le PRAM, on exploite en fait le paralle´lisme provenant
des donne´es : la me´thode propose´e est d’associer ces donne´es a` des acteurs,
et de les programmer pour que les e´changes de messages initie´s entre eux
engendrent bien un degre´ de paralle´lisme important (en tout cas, suffisam-
ment important pour que le temps de re´solution total du proble`me soit dans
NCActeur, de`s lors que le proble`me appartient a` NCPRAM )).
Enfin, ces travaux de recherche nous ont aussi permis de cate´goriser plus
finement les programmes acteurs paralle`les :
1. ceux pour lesquels on connait a` l’avance le graphe sous-jacent repre´sentant
les e´changes de messages entre acteurs ;
2. ceux, qui au contraire, n’exhibent pas a priori de graphe de communi-
cation connu avant l’exe´cution, car il de´pend de la donne´e en entre´e.
L’implication de cette classification est importante : la premie`re classe permet
d’envisager d’avoir des exe´cutions sur machines paralle`les qui conservent le
meˆme couˆt (c’est-a`-dire temps paralle`le multiplie´ par nombre de processeurs
ne´cessaires) compare´ a` l’algorithme the´orique PRAM e´quivalent re´solvant le
meˆme proble`me. Ceci passe par exemple par un plongement du re´seau d’ac-
teurs sur la machine paralle`le cible, qui respecte la localite´ (c’est-a`-dire tel
qu’un message envoye´ par un acteur a` un autre acteur soit achemine´ en O(1)
e´tapes de communication). Corroborant les re´sultats de travaux effectue´s si-
multane´ment par David Skillicorn [72], nos travaux ont donc de´montre´ que la
deuxie`me classe ne permet pas d’avoir une telle conservation de couˆt. En effet,
le re´seau d’acteurs doit pouvoir eˆtre capable d’exe´cuter efficacement le rou-
tage dynamique d’un ensemble de messages entre n’importe quels acteurs, qui
ne sont pas force´ment place´s sur des processeurs voisins. Au mieux, on peut
implanter un protocole de routage s’inspirant des protocoles d’e´mulations de
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PRAMs sur machine paralle`le a` me´moire distribue´e, qui comme on l’a vu
plus haut ge´ne´rent un surcouˆt logarithmique.
2.2 Exploiter le paralle´lisme de donne´es de
manie`re structure´e
2.2.1 Principes et be´ne´fices de l’approche structure´e
Fort de cette de´marche relativement the´orique fonde´e sur l’e´tude de la
complexite´ paralle`le, nous est donc apparu tout l’inte´reˆt qu’il peut y avoir a`
restreindre volontairement la puissance d’expression du langage paralle`le :
– de sorte a` n’autoriser que l’expression d’algorithmes exhibant une struc-
ture de communication pre´visible
– que cette structure de communication engendre´e par l’algorithme soit
telle qu’elle puisse eˆtre implante´e a` couˆt constant sur n’importe quel
type de machine paralle`le : e´ventuellement graˆce a` un plongement op-
timal de la structure de communication de l’algorithme sur celle de la
machine, permettant de respecter au mieux les relations de voisinage ;
ou sinon, graˆce a` une e´mulation ad-hoc permettant une conservation
du couˆt.
Concre`tement, au lieu de proposer au programmeur un langage de pro-
grammation permettant d’implanter n’importe quel algorithme paralle`le fonde´
sur l’exploitation du paralle´lisme de donne´es, le langage propose seulement
une palette utile, mais re´duite, d’ope´rations permettant ensuite d’exhiber fa-
cilement et efficacement du paralle´lisme a` l’exe´cution. Ces ope´rations sont
justement celles que l’on retrouve classiquement dans les langages ou` le pa-
ralle´lisme provient de l’exploitation paralle`le de structures de donne´es, telles
les listes, les tableaux :
– Les constructeurs du type forAll, map qui parcourent des structures
de donne´es line´aires comme des tableaux, des listes, et appliquent une
ope´ration a` couˆt constant a` chaque e´le´ment.
– Des constructeurs du type reduction, qui parcourent ces structures de
donne´es tout en combinant les valeurs qui y sont stocke´es par le biais
d’ope´rateurs binaires, associatifs.
Notre analyse n’est pas restreinte au cas du langage acteur que nous avions
conside´re´, dans cette approche the´orique, comme un mode`le basique mais
illustratif du paralle´lisme de type MIMD. Conside`rons le langage (ou bi-
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bliothe`que) de programmation le plus re´pandu, encore aujourd’hui, dans
la communaute´ des programmeurs d’applications paralle`les et re´parties :
MPI (Message Passing Interface). MPI permet de programmer (de manie`re
impe´rative) des processus inde´pendants, qui se coordonnent par l’e´change
point-a`-point de messages ou par le biais d’ope´rations de communication
(voire aussi de calcul) collectives. Comme parfaitement argumente´ en 5 points,
par S. Gorlatch dans l’article [37], il y a plus d’inconve´nients que d’avantages
a` ce que les programmeurs utilisent directement les primitives de communi-
cation point-a`-point. Effectivement, cet article de´fend l’ide´e (que nous par-
tageons) que la programmation paralle`le (donc massive) utilisant les primi-
tives d’e´change de messages point a` point peut eˆtre ame´liore´e en exprimant
les interactions entre processus d’une manie`re structure´e. Concre`tement, on
pre´fe´rera l’usage des primitives collectives de MPI (telles MPI broadcast,
MPI reduce, MPI scan, ...) aux primitives d’e´change de messages point-a`-
point telles MPI send et MPI recv. En effet, ces primitives de communication
collectives sont :
– relativement peu nombreuses et clairement spe´cifie´es, donc simples a`
choisir, a` utiliser, rendant le programme plus clair, plus concis,
– peuvent eˆtre sujettes a` des transformations (pre´servant la correction)
par fusion ou rede´composition, permettant de fonder une approche de
programmation paralle`le de haut niveau : partant d’une spe´cification
formelle du proble`me a` re´soudre, de telles transformations permettent
de syste´matiser la ge´ne´ration d’un programme paralle`le correct par
e´tapes successives,
– suffisamment expressives pour re´soudre une large palette de proble`mes
en paralle`le, offrant les principaux sche´mas d’interaction collective (1-
N, N-1, N-N, etc),
– pour autant, implantables de manie`re portable et efficace (e´ventuellement
directement au niveau du mate´riel, ou traduites en e´changes de mes-
sages point-a`-point entre processus),
– et dont les performances sont pre´visibles (avant l’exe´cution) graˆce a`
l’existence d’un mode`le de couˆt qui est applicable quel que soit le
type de mate´riel sous-jacent, parame´tre´ par un nombre re´duit de ca-
racte´ristiques, telles la latence ou le de´bit du re´seau sous-jacent.
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2.2.2 Limitations
Le pouvoir d’expressivite´ du langage paralle`le est donc directement de´-
pendant des :
– structures de donne´es a` plusieurs e´le´ments qui peuvent se voir ap-
pliquer des traitements en paralle`le ; et par conse´quent, quelles sont
les constructions syntaxiques du langage ou fonctions de bibliothe`ques
qui s’appliquent a` ces structures (forAll, map, . . ., fonctions du genre
MPI reduce qui s’applique a` la structure de donne´es qui est le buffer
de re´ception des messages, etc.)
– des ope´rateurs ou fonctions pouvant s’appliquer sur les e´le´ments re-
groupe´s dans ces structures de donne´es.
En ge´ne´ral, les structures de donne´es offertes par le langage pour eˆtre
ge´re´es en paralle`le sont line´aires : liste, vecteur, tableau a` une dimension, . . .Il
nous semble que hormis leur utilite´ certaine pour de nombreuses applications,
la raison vient de la facilite´ d’appliquer une division re´cursive en parts de
taille e´gale pour paralle´liser efficacement les traitements 4. Il faudrait pou-
voir ge´ne´raliser a` d’autres structures non force´ment line´aires, comme arbres,
graphes. Bien suˆr, ceci n’est re´aliste que si l’implantation d’un parcours en
paralle`le de telles structures de donne´es peut se re´aliser efficacement sur
n’importe quelle architecture paralle`le cible (permettant par conse´quent de
disposer d’un mode`le de couˆt applicable en toute circonstance, via un mini-
mum d’effort de parame´trisation).
Les ope´rateurs ou traitements disponibles pour s’appliquer sur la struc-
ture de donne´es globale sont parfois impose´s par le langage ou la bibliothe`que.
Ide´alement, le programmeur devrait avoir toute la liberte´ de spe´cifier n’im-
porte quelle fonction a` appliquer a` chaque e´le´ment d’une structure de donne´es
paralle`le dans le cas d’un map. Et n’importe quelle fonction binaire, mais as-
sociative, pour tenir lieu d’ope´rateur de re´duction des e´le´ments stocke´s dans
la structure de donne´es dans le cas d’une re´duction globale. Par exemple,
dans MPI une palette d’ope´rateurs pre´de´finis existe, permettant de calculer
la somme, le max, . . .La norme propose aussi la fonction MPI Op Create pour
permettre au programmeur de de´finir l’ope´rateur de re´duction qui est passe´ en
parame`tre aux ope´rations collectives comme MPI reduce, MPI allreduce, etc.
Mais il revient a` la charge du programmeur de faire ces cre´ations d’ope´rateurs
4dans l’hypothe`se ou` tous les processeurs sont de puissance e´quivalente, ce qui e´tait
une hypothe`se re´aliste dans le contexte d’alors, ou` les architectures cibles e´taient essen-
tiellement des machines paralle`les
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uniquement pour pouvoir les appliquer aux ope´rations collectives.
2.2.3 Des squelettes a` paralle´lisme de donne´es
Une solution permettant de combiner les avantages et palier aux limi-
tations e´voque´s ci-dessus est la de´finition de squelettes [23]. Un squelette
ge´ne´ralise les ope´rations de communication collectives, en e´levant le niveau
d’abstraction, et en e´tant comple`tement parame´trable. Les applications sont
conc¸ues comme des compositions ou imbrication (nested skeleton) de sque-
lettes. Il existe deux familles de squelettes pour la programmation paralle`le,
selon qu’ils exploitent le paralle´lisme de donne´es ou de taˆches : les data-
parallel skeletons (map, reduce, scan, etc) et les task-parallel skeletons (pi-
peline, maitre-esclave, ferme, etc). La premie`re cate´gorie est celle qui nous
inte´resse tout particulie`rement dans ce chapitre (l’autre cate´gorie nous inte´res-
sant dans le cadre de certains des travaux prospectifs e´voque´s en section 5.1).
Un squelette se rapproche donc d’un sche´ma de conception, pre´de´fini
dans le langage ou la bibliothe`que. Le point cle´ est que son implantation est
comple`tement masque´e a` l’utilisateur, et prend en charge la gestion de la
re´partition et de la synchronisation. Une telle approche permet a` l’utilisa-
teur de be´ne´ficier de manie`re transparente d’optimisations (statiques et dy-
namiques) lors de l’implantation des squelettes, en fonction de l’architecture
cible et des conditions d’exe´cution (par exemple, prise en compte de la charge
induite par d’autres processus concurrents sur l’architecture cible). Ainsi, une
approche par squelette a en plus le me´rite de favoriser la re´utilisation de code,
en particulier, du code dit non fonctionnel.
De nombreuses implantations du concept de squelette ont e´te´ re´alise´es
dans des langages de programmation fonctionnels, puisque on peut voir un
lien naturel entre un squelette et une fonction d’ordre supe´rieur. Ceci permet
en particulier de re´soudre la seconde des limitations e´voque´es, concernant
l’expression de n’importe quel traitement ou ope´rateur binaire a` appliquer
aux e´le´ments du squelette.
2.3 Types de donne´es cate´goriques paralle`les
Le travail re´alise´ durant une partie de notre stage post-doctoral, dans
l’e´quipe de David Skillicorn (voir article [J1], repris en [Section 2.1.1, page 95]),
a contribue´ a` lever la premiere des limitations e´voque´es, a` savoir la limita-
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tion des squelettes a` paralle´lisme de donne´es aux seules structures de donne´es
line´raires, telles les listes.
2.3.1 Fondement d’une me´thode de programmation pa-
ralle`le base´e sur des types de donne´es cate´goriques
Pour cela, la base est la the´orie des cate´gories. Le principe est de ge´ne´raliser
le formalisme Bird-Merteens, qui de´finit dans cette the´orie, le type liste, et
de l’appliquer a` d’autres structures de donne´es complexes, non force´ment
line´raires [73].
L’ide´e inte´ressante dans la the´orie applique´e aux listes, et qui fonde une
approche de programmation paralle`le est la suivante : une fonction sur une
liste est un homomorphisme de`s lors qu’elle peut s’exprimer comme la com-
position d’ope´rations de type map et reduce. Dans la the´orie, les seules fonc-
tions autorise´es sont les homomophismes. Ici, une ope´ration reduce est prise
dans son sens le plus ge´ne´ral, c’est-a`-dire ou` le traitement sur la structure
de donne´es donne lieu a` une structure de donne´es diffe´rente (par exemple
une liste d’entiers vers un entier, ou une liste d’entiers vers une liste de listes
d’entiers, etc). Sachant que map et reduce sur des structures line´raires s’im-
plantent efficacement et au meˆme couˆt quel que soit le type sous jacent d’ar-
chitecture paralle`le [72], on a la` une me´thode de programmation paralle`le a`
la fois ge´ne´rique et portable, et meˆme e´quationnelle (les programmes peuvent
se raffiner, a` l’aide d’e´quations de´finies dans la the´orie [76]).
La the´orie des cate´gories permet de ge´ne´raliser cette approche centre´e sur
les listes a` n’importe quel type de donne´es cate´goriques [73]. En se re´fe´rant
a` la terminologie oriente´e objet, les seules me´thodes publiques disponibles
sur ces types sont des homomorphismes (nomme´s en fait catamorphismes).
L’inte´reˆt, a` nouveau, est que tout le paralle´lisme inhe´rent a` l’application d’un
catamorphisme provient d’un parcours de la structure de donne´es refle´tant sa
construction re´cursive, et les state´gies (algorithmes, compilations, etc) pour
exploiter voire optimiser de tels parcours peuvent rester entie`rement transpa-
rentes au programmeur. Un point de´licat dans l’exploitation du paralle´lisme
reste cependant l’enchainement, ou la composition, de plusieurs catamor-
phismes. En effet, entre l’application de deux catamorphismes, il peut eˆtre
ne´cessaire de re´partir diffe´remment les donne´es sur les diffe´rents processeurs.
La the´orie n’apporte pas de solution en soi. Par contre, en remplac¸ant des
catamorphismes par d’autres, les mouvements de donne´es ne´cessaires au final
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peuvent eˆtre moindres.
2.3.2 Ne´cessite´ de mode`les de couˆt
Cependant, pour que cette approche soit le socle d’une me´thode de pro-
grammation paralle`le exploitant efficacement le paralle´lisme de donne´es, il est
primordial de pouvoir de´finir un mode`le de couˆt (voir en particulier la section
3.2 de l’article, [Section 2.1.1, page 95]) : pour chaque type de structure de
donne´es ou squelette, et pour chaque catamorphisme, on aimerait de´finir un
couˆt d’implantation du catamorphisme sur une architecture donne´e (en fonc-
tion de la taille de la donne´e, nombre de processeurs et temps paralle`le). On
veut aussi pouvoir s’assurer qu’il existe pour chaque architecture vise´e, une
implantation qui exhibe le meˆme couˆt. Ceci est requis si l’on veut avoir une
me´thode de programmation paralle`le inde´pendante de l’architecture cible,
donc une me´thode portable. Disposant d’un mode`le de couˆt, l’inte´reˆt est
qu’un programme paralle`le s’obtient par transformations successives, partant
d’une spe´cification initiale d’une fonction a` appliquer sur le type de donne´es,
et aboutissant a` une formulation la plus optimise´e possible en fonction de
l’architecture cible´e. Notamment, c’est graˆce a` la connaissance des couˆts as-
socie´s a` chaque membre gauche et droite de chaque e´quation disponible dans
la the´orie, que le raffinement de la spe´cification initiale peut conduire a` une
implantation efficace, voire optimale [76, 73].
Une telle me´thodologie de programmation e´tait de´ja` largement
explore´e concernant les listes, qui sont des structures line´aires
(donc a priori, sur lesquelles map et reduce sont faciles a` pa-
ralle´liser et pour lesquelles des mode`les de couˆt existent). Mais, la
me´thodologie pouvait-elle s’appliquer a` d’autres types de donne´es
structure´es ?
2.3.3 Ge´ne´ralisation a` des structures de donne´es non
line´aires
Durant une partie de notre se´jour post-doctoral, nous nous sommes foca-
lise´s sur le cas de la structure de donne´es en arbre binaire.
Les arbres binaires, et plus ge´ne´ralement les arbres de Rose (ou` chaque
nœud de l’arbre peut avoir un nombre quelconque de fils), sont a` la base
de nombreux algorithmes inte´ressants : effectivement, tout traitement sur
2.3. TYPES DE DONNE´ES CATE´GORIQUES PARALLE`LES 29
un document structure´ a` l’aide de paranthe`ses comme le cas de programmes
fonctionels, ou de balises comme dans le cas de documents XML, peut poten-
tiellement s’exprimer comme un traitement sur un arbre [75]. On distingue
plusieurs classes d’ope´rations qui s’expriment comme des (compositions d’)
homomorphismes : map, re´duction des valeurs stocke´es dans l’arbre, accu-
mulation (sorte de somme pre´fixe) des feuilles vers la racine, ou inversement.
Cela permet d’exprimer tout traitement de comptabilisation ou recherche de
motifs dans un document (par exemple une accumulation de la racine vers
les feuilles peut permettre d’obtenir la liste de toutes les re´fe´rences d’une
e´tiquette donne´e dans un document).
Plus pre´cise´ment, le proble`me qui nous a occupe´ e´tait d’e´tudier l’exis-
tence d’algorithmes paralle`les pour machines paralle`les sans me´moire phy-
sique commune, permettant d’effectuer la re´duction des valeurs stocke´es dans
l’arbre (contraction d’arbre). Sachant que le proble`me est dans NCPRAM ,
l’objectif e´tait d’exhiber un algorithme de re´duction des valeurs stocke´es
dans les N feuilles d’un arbre binaire, qui soit ide´alement, en temps paralle`le
O(logN) sur au plus N processeurs sans me´moire physique commune. Par
chance, un algorithme ayant ces performances avait e´te´ tout juste de´fini [57]
pour une topologie d’interconnexion en forme d’hypercube. Le fait d’avoir
identifie´ l’inte´reˆt de cet algorithme est certes moins prestigieux que de l’avoir
conc¸u, mais cela a eu un impact conside´rable sur la suite de l’e´laboration
de la me´thode ge´ne´rale de de´rivation d’algorithmes paralle`les sur le type de
donne´es cate´gorique arbre [74, 55].
En effet, toute la force de cet algorithme est de re´ussir a` avoir un temps
paralle`le qui ne de´pend pas de la profondeur de l’arbre, mais du logarithme du
nombre de ses feuilles, sans pour autant reque´rir l’hypothe`se d’une me´moire
commune. Ainsi, cet algorithme permet d’exe´cuter efficacement n’importe
quel catamorphisme engendrant des communications dans l’arbre selon les
relations de parente´, (donc pas seulement la reduction mais aussi les ac-
cumulations). C’est d’autant plus remarquable que l’arbre a une structure
typiquement irre´gulie`re, donc difficile a` partitionner en parts de taille e´gale
[56], et encore plus difficile a` plonger sur la topologie physique en respectant
au mieux les relations de voisinage entre processeurs [R3].
2.3.4 Bilan
Fort de ce type de re´sultats, une approche fonde´e sur des squelettes ex-
ploitant en paralle`le des structures de donne´es de grande taille re´gulie`res
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ou irre´gulie`res telles des arbres devient possible. L’objectif est de faciliter
la taˆche du programmeur en le de´chargeant de la gestion du paralle´lisme.
Le point critique dans cette gestion est celui du choix de la granularite´ du
paralle´lisme, car de ce choix de´coulent les sche´mas de communication et de
synchronisation a` re´aliser a` l’exe´cution. Graˆce a` l’existence de mode`les de
couˆt, il devient possible d’envisager des approches de programmation par
transformation, qui de´rivent automatiquement du code efficace, y compris
pour des supports de calcul re´parti sans me´moire commune [73]. Mais, il
faut bien eˆtre conscient que ceci n’est possible que parce que les proble`mes a`
re´soudre sont reporte´s du niveau applicatif sur le niveau sous-jacent. En effet,
c’est au syste`me en charge de de´river une imple´mentation re´aliste a` partir
des spe´cifications de l’application que revient le choix de la granularite´, la
de´signation des synchronisations et des transferts de donne´es a` re´aliser entre
l’application successive d’ope´rations globales sur les structures de donne´es
[77]. Par ailleurs, le choix de telle ou telle fonction parame´trant un sque-
lette, avec comme objectif de minimiser les mouvements de donne´es est loin
d’eˆtre simple (voir par exemple [55]). Le be´ne´fice escompte´ de tels syste`mes
est que les de´cisions de mise en œuvre sont prises le plus tard possible, non
plus au moment de la spe´cification de l’application, mais, au moment de sa
compilation en tenant compte du contexte dans lequelle elle devra s’exe´cuter.
Au moment ou` ces travaux e´taient re´alise´s, les machines cibles e´taient des
machines paralle`les de la premie`re ou de la seconde cate´gorie (voir section
2.1), ou` les performances de calcul et de communication sont homoge`nes et ou`
toutes les ressources utilisables sont connues a` l’avance. Avec l’ave`nement des
syste`mes de type metacomputing comme les grilles de calcul ou` la disponibi-
lite´ des ressources est variable, et les supports de calcul et de communication
ont des performances he´te´roge`nes, ces hypothe`ses ne sont plus ve´rifie´es. Des
travaux plus re´cents ont du ainsi eˆtre mene´s.
Un exemple inte´gre´ d’une telle de´marche est pre´sente´ dans [45], propo-
sant le concept d’Intensional HPC. D’une meˆme application paralle`le de´crite
comme une imbrication hie´rarchique de cellules paralle`les (cellules soit e´le´-
mentaires, soit constitue´es d’aggre´gats), toutes les implantations paralle`les
possibles doivent pouvoir eˆtre extraites (a` une extre´mite´ du spectre, l’im-
plantation est entie`rement se´quentielle, a` l’autre, toute cellule est supporte´e
par un processus paralle`le). Un autre exemple est de´crit dans l’article [8] : il
propose de choisir les ressources de calcul sur la grille graˆce a` la connaissance
pre´liminaire des niveaux de performances de ces ressources dans l’exe´cution
comple`te – invocation, composition, renvoi des re´sultats – des squelettes dis-
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ponibles dans le langage. On peut aussi recourir a` des strage´gies qui sont
effectives a` l’exe´cution : le compilateur engendre un ensemble de taˆches pour
imple´menter le squelette ; ce n’est qu’a` l’exe´cution qu’on affecte (ou re´affecte)
dynamiquement ces taˆches sur les processeurs disponibles, en fonction de leur
charge courante [84], [51].
Dans ce contexte de ressources de calcul he´te´roge`nes, il semble donc
ne´cessaire de reposer sur une approche la plus portable et parame´trable pos-
sible pour implanter de tels squelettes, ou plus ge´ne´ralement toute structure
permettant de ge´rer proprement le paralle´lisme. Baser un tel syste`me autour
de Java et RMI, particulie`rement ade´quat pour la programmation re´partie
en environnement he´te´roge`ne est un point de de´part raisonnable [9], [25] que
nous partageons. Le choix d’un mode de programmation ayant de bonnes
qualite´s en terme de ge´nie du logiciel, tel que l’approche oriente´e objets est
par ailleurs utile. Cependant, pour qu’un tel syste`me soit efficace, Java RMI
seul est loin d’eˆtre satisfaisant (par exemple, trop contraignant car les ap-
pels de me´thode, qui se traduisent en envois de messages, sont synchrones).
La suite du document pre´sente justement des extensions a` la programma-
tion re´partie en Java. Nous pensons que de telles extensions constituent des
briques pertinentes pour le support de paradigmes de haut niveau d’abstrac-
tion tels les squelettes afin de faciliter la programmation d’applications en
vue de leur exe´cution sur des grilles de calcul.
2.4 Conclusion
Au milieu des anne´es 1990, ou` les supports de calcul paralle`les n’e´taient
plus majoritairement des machines paralle`les, mais devenaient de plus en
plus des stations de travail ou PCs relie´s autour d’un re´seau local, le succe`s
des bibliothe`ques de programmation paralle`le et re´partie par passage de mes-
sages, portables, comme PVM et MPI ne faiblissait pas. Malgre´ ces efforts de
portabilite´, la transparence pour le programmeur concernant la gestion du
paralle´lisme et de la re´partition n’e´tait malheureusement pas au rendez-vous.
Comme nous l’avons re´sume´ dans ce chapitre, nous avions de´ja` pris conscience
de l’importance de disposer d’un syste`me ope´ratoire portable (autour de la
notion d’acteur [W1]), jouant le roˆle d’interme´diaire entre le programme et
l’architecture cible, facilitant la taˆche du programmeur, sans pour autant
empeˆcher des optimisations ulte´rieures.
Nous avons alors eu l’opportunite´ de rejoindre le groupe forme´ autour de
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Denis Caromel, s’inte´ressant a` la gestion de la concurrence et de la re´partition
dans un cadre de programmation oriente´e objet ; et de participer ainsi au
montage du projet Sloop Simulation, Langages a` Objets et Paralle´lisme,
commun entre l’I3S, l’UNSA et l’INRIA, sous la direction de Jean-Claude
Bermond. Notre objectif e´tait relativement concret : de´finir une architecture
permettant de programmer et exe´cuter de manie`re concurrente et paralle`le
sur re´seau de stations de travail, des applications difficiles a` paralle´liser, car
a` paralle´lisme de taˆche irre´gulier, et de grande taille, telles des simulations a`
e´ve´nements discrets [W3,J2]. Le besoin d’un syste`me ope´ratoire portable, ef-
ficace, pour supporter de telles extensions aux langages oriente´s objet, comme
C++ puis Java, a donc constitue´ notre nouvel objectif de recherche.
En fin de compte, nous verrons que les re´sultats de nos recherches initie´es
dans ce nouveau contexte se rattachent en quelque sorte a` notre proble´matique
initiale d’expression structure´e puis d’exploitation du paralle´lisme et de la
re´partition. Vue la complexite´ de programmation et de mise en œuvre d’ap-
plications sur grilles de calcul, une approche par squelettes, transparente
pour le programmeur est particulie`rement attirante. Cependant, ce n’est que
graˆce aux travaux les plus re´cents, introduisant la notion de squelettes de
seconde ge´ne´ration [24], qui plus est embarque´s ou combine´s a` une approche
par composants logiciels [66], qu’une telle approche nous semble eˆtre main-
tenant suffisamment muˆre pour re´soudre des applications re´alistes. Nous y
reviendrons dans le dernier chapitre.
Chapitre 3
Structuration par Objets Actifs
Mobiles
Ce chapitre re´sume de la fac¸on la plus synthe´tique possible la de´marche
et les re´sultats obtenus autour de la de´finition d’environnements de program-
mation par objets re´partis, avec comme perspective, l’ajout d’une couche a`
composants logiciels. Nous nous focalisons sur les applications paralle`les et
re´parties en vue de les exe´cuter sur les types de support largement re´pandus
aujourd’hui, soit, des re´seaux de station de travail aux grilles de calcul, en
passant par les machines multiprocesseurs et les grappes de PCs a` haute per-
formance. Tous ces efforts ont e´te´ mene´s en collaboration tre´s e´troite avec
Denis Caromel, au sein du projet SLOOP puis du projet OASIS depuis 1999,
autour des doctorants qui se sont succe´de´s durant ces anne´es, et dont les tra-
vaux constituent e´videmment des contributions importantes : Yves Roudier,
Nathalie Furmento, David Sagnol, Julien Vayssie`re, Fabrice Huet, Laurent
Baduel, Arnaud Contes, Christian Delbe´ et Mario Leyton ; sans oublier la
collaboration de Lionel Mestre, Romain Quilici, Matthieu Morel, Virginie Le-
grand, tous inge´nieurs de recherche et de de´veloppement qui se sont succe´de´s
au fil des anne´es, et sans qui notre ambition collective a` proposer des solu-
tions qui soient utilisables au dela` du domaine acade´mique ne pourrait eˆtre
fonde´e.
Les contributions pre´sente´es dans ce chapitre ont e´te´ inte´gre´es successive-
ment au sein de deux environnements de programmation paralle`le et re´partie,
tous deux se pre´sentant sous la forme
1. d’une bibliothe`que, n’impliquant aucune modification du langage, quasi-
transparente d’utilisation pour le programmeur, et ce graˆce a` des tech-
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niques de re´flexion et l’usage d’un protocole a` me´ta objets,
2. couple´e a` un support d’exe´cution permettant concre`tement de cibler
des environnements re´partis, avec un objectif re´current et fort : la por-
tabilite´ du niveau applicatif via une bonne isolation vis-a`-vis du support
cible.
Ces deux environnements sont :
– C++// : extension de C++ pour la re´partition,
– ProActive, extension de Java pour le paralle´lisme et la re´partition,
constituant depuis Avril 2002, un des projets d’ObjectWeb, OpenSource
Middleware consortium : www.objectweb.org/proactive.
3.1 Caracte´ristiques du niveau applicatif
Une bre`ve introduction pre´sente les bases du mode`le de programmation
re´partie que nous proˆnons ; ce mode`le rend aise´e la gestion de la re´partition
pour l’utilisateur final ainsi que la re´utilisation de code se´quentiel existant.
Puis, nous pre´sentons successivement les trois principales extensions au mode`le
que nous avons contribue´ a` de´finir. Ces extensions visent autant la gestion
de la re´partition que du paralle´lisme.
3.1.1 Mode`le de programmation de base
Les principes de base, applique´s aussi bien dans C++// que dans ProAc-
tive, se re´sument ainsi (voir figure 3.1) :
– les objets peuvent eˆtre rendus asynchrones et re´partis, par he´ritage : on
parle alors d’objet actif. Un objet actif peut eˆtre conside´re´ comme une
sorte d’extension d’un acteur servant des messages se´quentiellement1
avec en plus, les possibilite´s de structuration, de re´utilisation de code
que l’approche oriente´e objet apporte
– tous les objets ne sont pas force´ment actifs, et il n’y a pas de partage
entre objets actifs (les objets passifs passe´s en parame`tre le sont par
copie), ce qui permet de moduler la granularite´ des taˆches et n’engendre
pas de trop fortes contraintes de co-localisations lors de la re´partition
1on parle alors d’acteur au comportement se´rialise´ ou mutable, par opposition aux
acteurs non se´rialise´s [5] qui ne changent pas d’e´tat, et peuvent donc traiter les messages
d’une manie`re concurrente
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– tout appel de me´thode vers un objet actif a la meˆme syntaxe que vers un
objet passif, mais la se´mantique diffe`re. L’appel est automatiquement
transforme´ en un appel asynchrone avec rendez-vous (le rendez-vous
permettant de garantir que l’appel est bien parvenu a` l’objet cible)
– un principe qui permet grandement de faciliter la re´utilisation de code
existant provient du fait que les messages ve´hiculant les requeˆtes d’exe´-
cution de me´thode sont mis dans une queue de requeˆtes ; le service de
ces requeˆtes est FIFO par de´faut, et, crucial pour la re´utilisation de
code, l’objet actif est un processus qui sert les me´thodes se´quentiellement
(on n’a donc aucune concurrence a` ge´rer dans l’exe´cution des me´thodes)
– les re´ponses aux me´thodes invoque´es sur des objets actifs sont auto-
matiquement transforme´es en promesses de re´ponses (futur), et l’ap-
pelant peut ainsi poursuivre son exe´cution sans devoir attendre la fin
de l’exe´cution de la me´thode. Par contre, une attente par ne´cessite´ de
l’appelant est effectue´e de manie`re totalement transparente, de`s lors
qu’il tente d’utiliser la re´ponse et que celle-ci n’est pas disponible.
3− A future object
is created 
1− Object A performs
a call to method foo
2− The request for foo
is appended to the queue
5− The body updates the future
with the result of the execution of foo
6− Object A can use the result
throught the future object
4− The thread of the body
executes method foo on object B
Object B
Object BObject A
Proxy Body
Object A
Future
Result
Local node Remote node
Fig. 3.1 – Mode`le d’objet actif
Tous ces principes sont de´taille´s, ainsi que certaines optimisations de mise
en œuvre, pour C++// et respectivement ProActive, dans [Section 2.2.1,
page 111+2] et respectivement [Section 2.2.2, page 139+2].
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3.1.2 Recouvrement calcul et communication
Expose´ de la proble´matique
Dans le contexte d’appels de me´thode a` distance, notre mode`le de base
asynchrone rend possible un ve´ritable paralle´lisme dans l’exe´cution des ope´-
rations (au sens large, c’est-a`-dire communications ou exe´cution de me´thode)
se de´roulant coˆte´ appelant et coˆte´ appele´. Ainsi dans le mode`le de base, pour
une paire donne´e d’objets actifs, on peut re´ussir a` masquer les couˆts de
communication correspondant a` l’acheminement a` distance d’une requeˆte, a`
partir de la seconde requeˆte envoye´e vers le meˆme objet actif.
Mais on peut essayer d’aller plus loin dans l’exploitation de recouvre-
ments calcul - communication : on peut essayer de masquer en partie les
couˆts de communications engendre´es par un appel de me´thode distant, car
ces couˆts peuvent eˆtre importants si les parame`tres d’appel sont volumineux.
Cependant, dans le mode`le de base, exprimer un tel potentiel de recouvre-
ment requiert une structuration explicite au niveau du code utilisateur :
dans le cas pre´cis ou` le traitement distant est long, car devant traiter un
volume important de donne´es, le programmeur est oblige´ de de´composer ce
traitement en plusieurs sous-traitements, chacun d’eux s’occupant d’un sous-
ensemble des donne´es2. Une fois cet effort de programmation re´alise´, il peut
alors re´sulter un recouvrement des communications par les calculs exe´cute´s a`
distance ; ce recouvrement est obtenu par l’enchainement des appels distants
et asychrones de ces diffe´rents sous-traitements.
Evidemment, un tel de´coupage en sous-traitements nuit a` la clarte´ du code
de l’utilisateur, puisque il est explicite. Par ailleurs, pour engendrer un gain de
performances, la programmation de ce de´coupage doit d’une certaine manie`re
eˆtre guide´e par les performances de communication sous-jacentes. Du coup,
un tel de´coupage explicite peut n’engendrer aucun gain si l’on change d’en-
vironnement d’exe´cution, voire meˆme nuire aux performances qui seraient
obtenues sans tenter d’exploiter du recouvrement calcul/communication.
Re´soudre un tel proble`me de de´coupage, de manie`re a` la fois transpa-
rente vis-a`-vis du code de l’utilisateur, et optimale, c’est-a`-dire, en propo-
sant la meilleure de´composition e´tant donne´ l’environnement cible, n’est pas
possible, du moins dans notre contexte. Par contre, nous avons contribue´ a`
2Une restriction existe e´videmment : le gros traitement sur le volume complet des
donne´es doit eˆtre de´composable en sous-traitements inde´pendants, et ce sur des volumes
de donne´es moins importants
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cette proble´matique de recherche, en proposant un compromis entre trans-
parence et optimalite´, dans le cadre des langages a` objets re´partis. Il s’agit
d’un me´canisme original permettant du recouvrement calcul et communica-
tion, pre´sente´ tre`s brie`vement ci-dessous, et qui a fait l’objet spe´cifique des
publications [C4,C7,J3].
Application de la notion de futur aux parame`tres d’appel
Les principes et re´sultats se trouvent de´crits plus amplement en [Sec-
tion 2.2.1, page 111, section 6]. L’ensemble est de´taille´ dans la the`se de doc-
torat de Nathalie Furmento.
On re´utilise la notion d’attente par ne´cessite´ qu’offre le me´canisme de
futur, qui s’applique d’habitude aux re´ponses des me´thodes invoque´es sur
des objets actifs. Lorsque le programmeur de´sire be´ne´ficier d’une optimisa-
tion issue d’un recouvrement calcul - communication, il peut appliquer ce
me´canisme de futur aux parame`tres d’un appel de me´thode vers un objet ac-
tif distant : comme ces parame`tres arriveront un peu plus tard que la requeˆte
d’exe´cution de la me´thode, on les qualifie de retardataires (later). L’envoi
d’un parame`tre, ou d’une portion d’un parame`tre, peut potentiellement eˆtre
recouvert par l’exe´cution – partielle – de la me´thode invoque´e sur l’objet
actif, de`s lors que l’on ne se sert pas encore de ce(s) – portion(s) de – pa-
rame`tre(s). Le me´canisme de futur assure de manie`re transparente qu’une
attente par ne´cessite´ aura lieu de`s lors que le traitement aura besoin des
parame`tres manquants.
Au prix d’un effort minimum de la part du programmeur, qui n’a
pas vraiment besoin d’expliciter un de´coupage des traitements et
des parame`tres concerne´s, cette technique offre un potentiel de
recouvrement calcul - communication.
Les re´sultats expe´rimentaux que nous avons mene´s confirment ce potentiel
([Section 2.2.1, page 111, figure 14]).
Ce me´canisme a e´te´ de´veloppe´ dans le contexte de C++//. Il n’a pas
e´te´ introduit dans ProActive, bien que le principe pourrait s’appliquer. Mais
depuis, ProActive propose un me´canisme dit de continuation automatique,
comple´mentant, voire ge´ne´ralisant en quelque sorte, cette notion de retarda-
taire : une promesse de re´ponse peut eˆtre passe´e en parame`tre d’un nouvel ap-
pel de me´thode sur un objet actif (meˆme sans aucune annotation pre´liminaire
dans la signature de me´thode). Bien suˆr, le me´canisme d’attente par ne´cessite´
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est active´ de manie`re transparente. De plus, la mise a` jour de toutes les copies
d’une promesse de re´ponse est effectue´e par le syste`me, de manie`re transpa-
rente, et peut l’eˆtre selon diffe´rentes strate´gies [20].
3.1.3 Mobilite´
Inte´reˆt pour la mobilite´
Code et activite´s mobiles (objets actifs, acteurs, agents, etc) apparaissent
comme une solution prometteuse permettant la construction d’applications
flexibles et dynamiquement adaptables aux contraintes de l’environnement
d’exe´cution, dans le cas ou` ce dernier est re´parti [12]. Dans le cadre du calcul
re´parti haute performance, notamment sur grille de calcul, la possibilite´ de
de´placer une activite´ d’un site a` l’autre pre´sente de nombreux inte´reˆts, dont
par exemple :
– re´agir a` une indisponibilite´ pre´vue de la machine hoˆte, en de´plac¸ant
l’activite´ pour qu’elle se poursuive ailleurs
– mieux re´partir la charge de calcul des diffe´rents sites, et ce dynamique-
ment.
La mobilite´ d’activite´ a e´galement un inte´reˆt pour :
– appre´hender des applications structure´es autour du suivi d’un itine´raire ;
typiquement, une application de commerce e´lectronique qui en vue de
re´aliser des achats doit visiter plusieurs sites marchands, e´ventuellement
en paralle`le pour optimiser le parcours de l’itine´raire
– proposer des applications adapte´es au fait que l’utilisateur est mobile ;
typiquement, une activite´ permettant l’interaction de l’utilisateur avec
l’application doit pouvoir accompagner cet utilisateur sans aucune in-
cidence sur l’application en cours, si l’utilisateur passe d’un support
d’exe´cution a` un autre3. Un sce´nario inte´ressant, et pas si futuriste que
cela, est celui ou` l’utilisateur quitte son PC professionnel, car il part
en re´union avec son ordinateur portable, passe ensuite dans sa voiture
e´quipe´e d’un ordinateur de bord performant, rentre a` son domicile ou`
il dispose bien suˆr d’un ordinateur, passe la soire´e en dehors de chez
3une hypothe`se importante est ne´anmoins que chacun de ces types de supports soit
accessible depuis Internet. Dans le cas contraire, il est pre´vu d’explorer plus en profondeur
la possibilite´ d’avoir un mode de communication de´connecte´, me´morisant les requeˆtes ou
les re´ponses tant que la connexion re´seau n’est pas disponible, plutoˆt que de basculer en
erreur
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lui, auquel cas il emme`ne avec lui son assistant personnel. Sa mission
est d’eˆtre constamment connecte´ a` l’application qu’il doit surveiller,
celle-ci devant eˆtre disponible 24/24/7/7.
On remarque un point commun entre tous ces cas de figure d’utilisation
d’activite´s mobiles participant a` une application paralle`le et re´partie : les
entite´s mobiles doivent pouvoir continuer a` eˆtre atteignables quel que soit
leur lieu d’exe´cution. Nous nous sommes attaque´s a` cette proble´matique :
faire en sorte que mobilite´ et communication distante puissent cohabiter, de
manie`re flexible et performante.
Une bibliothe`que de gestion de la mobilite´ en pre´sence de commu-
nications distantes et asynchrones
Les articles [C5,J4] pre´sentent spe´cifiquement la solution que nous pro-
posons pour permettre de programmer des objets actifs mobiles dans la pla-
teforme ProActive, et se trouve re´sume´e en [Section 2.2.2, page 139+3] et
[Section 2.4.1, page 221+2]. L’ensemble est de´taille´ dans la the`se de doctorat
de Fabrice Huet.
La bibliothe`que propose´e permet uniquement de la migration faible pour
les objets actifs : ceci signifie qu’un objet actif ne migre qu’a` des points bien
particuliers de son exe´cution. Plus pre´cise´ment, seulement lorsqu’il atteint
un point ou` on est en mesure de se´rialiser son e´tat, ce qui dans le mode`le a`
objets actifs correspond aux points situe´s entre les services de requeˆtes. Une
requeˆte de migration a exactement la meˆme forme qu’une requeˆte corres-
pondant a` une demande d’exe´cution de me´thode et se trouve place´e dans la
queue des requeˆtes de l’objet actif. Un me´canisme d’itine´raire permet d’ex-
primer aise´ment une succession de migrations a` effectuer, et de programmer,
simplement, certaines actions a` re´aliser au de´part ou a` l’arrive´e sur un site
de l’itine´raire.
La principale difficulte´ est de s’assurer que l’envoi d’une requeˆte4
vers un objet actif mobile respecte bien l’ordre FIFO point-a`-
point entre toute paire d’objets actifs, constituant un fondement
incontournable du mode`le de base, et qui est assure´ par le me´canisme
de rendez-vous.
Notre solution consiste tout simplement a` prolonger le rendez-vous jusqu’au
moment ou` le message re´ussit a` atteindre l’objet mobile cible. Nous avons
4pas force´ment d’une re´ponse[20]
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e´tudie´ plus pre´cise´ment deux strate´gies, classiques dans le domaine, afin de
localiser un objet mobile [C5,J4] : une approche par re´pe´teur (forwarder), une
approche par serveur de localisation, et enfin, contribution originale du tra-
vail de Fabrice Huet, la possibilite´ d’utiliser dynamiquement l’une ou l’autre
strate´gie, en fonction de parame`tres propres a` l’exe´cution, comme le de´lai
entre deux migrations ou le de´lai pour mettre a` jour un serveur de localisa-
tion [19]. Quelle que soit la strate´gie retenue, notre approche garantit que
de`s la fin du rendez-vous, l’e´metteur est en mesure d’actualiser l’adresse qu’il
posse´dait pour joindre le destinataire.
Des travaux en cours exploitent cette approche de mobilite´ pour re´aliser
de l’e´quilibrage de charge dynamique [16]. Un autre contexte d’utilisation
est celui d’un syste`me de calcul de type pair-a`-pair conc¸u au-dessus de la
plateforme ProActive [18] ; la mobilite´ sert ici pour s’adapter au fait qu’une
ressource de calcul peut devenir indisponible car son proprie´taire ne de´sire
plus qu’elle fasse momentane´ment ou de´finitivement partie du syste`me : on
peut donc envisager de migrer tous les objets actifs en cours d’exe´cution vers
une autre ressource de calcul. D’autres applications de la mobilite´ sont par
exemple l’administration syste`me et re´seau. Ceci fait l’objet d’une partie du
chapitre suivant.
3.1.4 Groupes type´s d’objets
Sche´matiquement, l’exploitation du paralle´lisme issu des donne´es re´sulte
en un ensemble de traitements similaires, chacun portant sur une portion de
ces donne´es. Ce paradigme est a` la base du mode de programmation paralle`le
SPMD (Single Program Multiple Data), fondement de la bibliothe`que MPI
via laquelle les programmes paralle`les sont organise´s autour de processus a`
peu pre`s e´quivalents (hormis un d’entre eux, qui joue en ge´ne´ral un roˆle
supple´mentaire de chef d’orchestre). Dans le contexte de la programmation
oriente´e objet re´partie le me´canisme de base est l’objet actif, qui se compare a`
la notion de processus MPI. Pour que l’approche oriente´e objet re´partie puisse
pre´tendre servir d’outil de programmation paralle`le, il manquait clairement
un niveau de structuration : la notion de groupes d’objets participant au
meˆme traitement paralle`le, donc d’un rassemblement d’objets offrant la meˆme
fonctionnalite´.
Notre contribution dans ce domaine est de prolonger l’ide´e d’un
objet type´ dont les me´thodes sont invoquables a` distance de
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manie`re asynchrone, en un groupe type´ d’objets – de type com-
patible, sur lequel l’invocation d’une me´thode est propage´e en
paralle`le a` tous les membres du groupe. En comple´ment de ce
me´canisme, nous proposons un certain nombre de facilite´s que
l’on s’attend a` trouver dans une bibliothe`que de programmation
SPMD : organisation des processus selon des topologies virtuelles,
barrie`res de synchronisation.
Les articles [C10,C16] pre´sentent le me´canisme des groupes d’objets actifs,
et l’article [C17] son extension pour la programmation SPMD dans un cadre
objet (nomme´e OO-SPMD par la suite). Ils sont re´sume´s en [Section 2.2.2,
page 139, section 2.4] et [Section 2.2.3, page 171]. L’ensemble est de´taille´
dans la the`se de doctorat de Laurent Baduel.
Ce me´canisme a e´te´ de´montre´ sur une application paralle`le non triviale de
simulation de propagation d’ondes e´lectromagne´tiques, dont il existait une
version e´crite en Fortran et MPI ; elle a donc e´te´ rede´veloppe´e en utilisant
ProActive et en utilisant des groupes d’objets actifs [C13]. Le me´canisme
des groupes peut-eˆtre utile pour imple´menter de manie`re optimise´e des in-
terfaces collectives de composants logiciels, sur lesquelles les invocations sont
multiples et peuvent donc eˆtre optimise´es si imple´mente´es graˆce a` des groupes
d’objets actifs. Une telle utilisation est explicite´e notamment dans les articles
[C12,C14,C15,C18]. Finalement, les groupes sont un moyen d’optimisation en
pre´sence d’un nombre important d’objets actifs et de ce fait, devrait aider
au passage a` l’e´chelle. C’est ce que nous explorons spe´cifiquement dans le cas
de l’administration distante d’un grand nombre de passerelles OSGi et fait
l’objet d’une partie du chapitre suivant.
3.2 Caracte´ristiques du niveau exe´cutif
Proble´matique La de´mocratisation des applications paralle`les et re´parties
provient notamment du fait d’un acce`s plus facile, moins hone´reux a` des
supports de calcul paralle`les forme´s a` base de mate´riel du commerce (re´seaux
locaux de stations de travail, grappes de PCs, etc). Tous ces parcs ne sont pas
homoge`nes, que ce soit en terme d’architecture ou de syste`me d’exploitation.
Cette he´te´roge´ne´ite´ est encore excacerbe´e dans le cas de grilles de calcul
ou` les de´cisions d’acquisition de mate´riel et de logiciels sont par nature pas
du tout coordonne´es. Un environnement de programmation et d’exe´cution
paralle`le et re´partie se doit donc de conside´rer se´rieusement le proble`me de
42 CHAPITRE 3. STRUCTURATION PAR OBJETS ACTIFS MOBILES
la portabilite´ sur la plus large gamme possible de mate´riels et de syste`mes.
Le choix de Java comme langage support de l’environnement est de´ja` un
e´le´ment cle´ pour atteindre cet objectif.
Notre contribution dans ce domaine est de fonder la plateforme
sur un syste`me a` l’exe´cution qui soit ouvert, et qui sert de couche
de portabilite´ se de´clinant en deux axes principaux :
– inde´pendance vis-a`-vis du protocole de transport des messages
– inde´pendance vis-a`-vis du protocole de cre´ation des supports
d’exe´cution (ne´cessitant le cas e´che´ant l’approvisionnement dis-
tant de fichiers de code et de donne´es).
Le caracte`re ouvert de notre proposition me´rite d’eˆtre souligne´. En effet,
nombreux sont les environnements de programmation et d’exe´cution qui sont
tre`s vite devenus obsole`tes, car e´troitement lie´s aux caracte´ristiques des sup-
ports cibles du moment. Nous pensons que la seule solution face a` de telles
e´volutions, rapides, incontournables et logiques dans le domaine de l’informa-
tique, consiste a` proposer une couche de portabilite´ qui soit elle-meˆme capable
d’e´voluer5 en fonction des couches basses, sans pour autant remettre en cause
le mode`le offert aux couches hautes, point cle´ pour que ces dernie`res soient
justement portables. La suite de cette section 3.2 reprend successivement les
deux axes e´voque´s. Notre vision, que la plateforme ProActive imple´mente,
se trouve re´sume´e en [Section 2.2.2, page 139, sections 2.5 et 4], et compare´e
de manie`re synthe´tique a` d’autres approches pertinentes pour programmer
les grilles de calcul, en Section 2.2.4, page 181.
3.2.1 Inde´pendance vis-a`-vis du transport des messages
Dans le contexte de la the`se de doctorat de Nathalie Furmento, qui par-
ticipait de la conception et l’imple´mentation du syste`me C++//, notre roˆle
e´tait d’apporter une solution de portabilite´ face a` la multitude des sup-
ports syste`mes pour les activite´s de C++// et leurs interactions. Ceci s’est
concre´tise´ par une bibliothe`que nomme´e Schooner, pre´sente´e dans [C3,W4,J2].
Schooner consiste en une encapsulation oriente´e objet de supports d’exe´cution.
Le fait que cette encapsulation soit oriente´e objet permet l’extensibilite´ ; la
liste, mais par de´finition, non limititative, des supports d’exe´cution envisage´s
e´tait la suivante :
5donc ouverte, extensible, parame´trable
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– concernant les supports d’activite´s : processus lourds Unix, processus
le´gers de niveau syste`me ou de niveau utilisateur
– concernant les protocoles de transports de messages associe´s a` ces
diffe´rents supports d’exe´cution : PVM, MPI, RPC entre processus lourds
ou le´gers comme PM2 [62] ou Nexus [31],
la majorite´ de ces syste`mes se pre´sentant de´ja` comme une solution de portabi-
lite´ vis-a`-vis des couches sous-jacentes. Notre effort a porte´ sur la de´finition
d’une couche interme´diaire qui re´ussit a` unifier l’approche par e´change de
messages point-a`-point, et l’approche par invocation de service distant qui
se rapproche du concept de message actif [83], pour permettre par la suite le
transport de requeˆtes et de re´ponses de C++// ou du noyau de simulation
paralle`le a` e´ve´nements discrets, Prosit [J2].
Le choix du langage Java dans la conception de ProActive a dans un pre-
mier temps largement diminue´ le spectre des supports cibles envisage´s : le
choix de threads Java couple´ au syste`me RMI standard pour le transport des
requeˆtes et re´ponses entre objets actifs e´tait e´vident. Ne´anmoins, il nous est
vite apparu que ces choix pouvaient eˆtre revus : il existe des imple´mentations
de Java RMI performantes, Java RMI utilise des ports de communication IP
dont l’usage peut eˆtre impossible a` cause de pares-feux, . . .Effectivement,
le remplacement de RMI standard par une autre imple´mentation, Ibis [64] a
permis de belles performances dans l’exe´cution de l’application de simulation
paralle`le d’ondes e´lectromagne´tiques, Jem3D [39][C18]. Par ailleurs, l’utili-
sation du protocole HTTP plutoˆt que RMI, ou de RMI sur SSH, sont des
bases inte´ressantes : les supports d’exe´cution (JVM) ProActive et les objets
actifs qu’ils he´bergent peuvent eˆtre de´ploye´s de manie`re hie´rarchique (travail
en cours dans l’e´quipe), y compris vers des sites ou` seuls les ports HTTP
ou SSH sont ouverts. Bien e´videmment, le choix de tel ou tel protocole de
transport doit pouvoir eˆtre fait dynamiquement : a priori, le choix est fait
par l’e´metteur, en fonction de ce que le destinataire annonce comme eˆtre le
protocole pre´fe´re´ pour eˆtre joint, autorisant que cette caracte´ristique soit elle
meˆme e´volutive dans le temps.
3.2.2 Inde´pendance vis-a`-vis du lieu d’exe´cution
Un point difficile et critique dans la gestion du paralle´lisme et de la
re´partition a toujours e´te´ le placement, statique ou dynamique, des diffe´rentes
activite´s sur les ressources disponibles. Sans pour autant chercher a` re´soudre
le difficile proble`me consistant a` optimiser le placement en fonction des be-
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soins en terme de ressources de calcul et de comunication des diffe´rentes
activite´s de l’application, un point que nous pensons eˆtre critique, et que
nous avons aborde´ est le suivant :
Comment orchestrer et controˆler l’acquisition des ressources de
calcul, pour qu’elles soient ensuite mises a` disposition de l’appli-
cation, afin d’y placer les diffe´rentes activite´s ?
Dans MPI par exemple, le lancement de l’application paralle`le est effectue´
graˆce a` une commande externe mpirun qui a comme objet principal de
se´lectionner des ressources de calcul, pour lancer l’ensemble des processus
paralle`les. C’est au moment de ce lancement que chaque processus se voit
attribuer un rang, rang utilise´ le cas e´che´ant au sein du programme pour
particulariser le roˆle d’un processus. Comme on peut le constater, il y a une
tre`s forte isolation entre le programme et son environnement d’exe´cution,
le seul lien existant e´tant les rangs des processus. Le programme lui meˆme
n’exerce aucun controˆle sur son environnement d’exe´cution.
Conside´rant le calcul paralle`le a` grande e´chelle sur grille, il se peut que
tous les processus participant a` l’application n’aient pas a` eˆtre de´marre´s en
meˆme temps, initialement. De meˆme, certaines applications se pre´sentent
comme des services, dont la vocation est d’eˆtre utilisables par des applica-
tions tierces. En re´sume´, on est en pre´sence d’un ensemble de codes couple´s
d’une manie`re plus ou moins laˆche, pas force´ment de´ploye´s par la meˆme
personne, ni en meˆme temps. Le concept de grille de ressources de calcul est
souvent compare´ au concept de re´seau de distribution e´lectrique, dont on pro-
fite en se branchant via un simple connecteur, sans se soucier d’ou` provient
cette e´lectricite´. L’analogie s’arreˆte souvent la`, car, concre`tement, il peut eˆtre
ne´cessaire de respecter un crite`re de co-localisation des ressources de calcul,
pour y placer des activite´s paralle`les fortement couple´es, communiquant de
manie`re intensive. Nous pensons que c’est le programmeur qui est le plus a`
meˆme d’exprimer ces contraintes. C’est pour toutes ces raisons que nous pen-
sons qu’il est souhaitable que ce soit l’utilisateur final qui puisse orchestrer le
de´ploiement de son application, donc, controˆler l’acquisition des ressources
de calcul et les approvisionner avec le code et les donne´es ne´cessaires, en
fonction de contraintes spatiales et temporelles.
Pour autant, nous pensons qu’il est important de ne pas (trop)
polluer le code fonctionnel avec des ope´rations explicites de ges-
tion de l’environnement d’exe´cution, ou de de´pendances a` son
e´gard.
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Comme pre´sente´ dans [C8], re´sume´ en [Section 2.2.2, page 139, section 4],
et re´cemment e´tendu avec des solutions de transferts de fichiers [W19,C20],
ProActive re´soud ce proble`me, d’une manie`re originale, et nous le pensons,
e´le´gante : le programme ne manipule en son sein que la notion de nœud vir-
tuel, notion logique correspondant a` un lieu d’exe´cution (JVM ProActive) sur
lequel placer des activite´s (objets actifs). Les primitives propose´es permettent
au programmeur de de´clencher le de´marrage ou la de´couverte de ces JVMs
par la simple demande d’activation de ces nœuds virtuels. Toute l’information
ne´cessaire pour expliciter ou` et comment de´marrer ou localiser ces exe´cutifs
se trouve confine´e a` l’exte´rieur du code, dans des fichiers de de´ploiement au
format XML. Le lien ne´cessaire entre ces informations et leur usage implicite
se re´sume aux noms de nœuds virtuels (a` la manie`re des rangs de processus
MPI). On peut ne´anmoins se poser la question : est-ce suffisant ? En effet,
certains travaux autour des objets paralle`les et re´partis, par exemple l’envi-
ronnement ParoC++ [63] permettent d’associer au niveau meˆme du code de
l’objet, la description des besoins en ressources pour l’exe´cution. Nous pen-
sons que notre solution est suffisante. En effet, il semble que rien n’empeˆche
d’indiquer ces besoins en les associant a` la description des nœuds virtuels
(dans le fichier de´crivant le de´ploiement de l’application et de son infrastruc-
ture d’exe´cution). Comme nous l’e´voquerons brie`vement dans la section 3.3
de´die´e a` l’extension de cette approche objets vers des composants, c’est via
des meta-donne´es associe´es au packaging du composant et non dans le code
source lui meˆme que l’expression de tels besoins semble la plus naturelle.
Bien suˆr, toute notre me´canique capable d’interpre´ter ces informations de
de´ploiement et d’agir en conse´quence est totalement ouverte, extensible : il
suffit de rajouter un nouveau Process pour de´ployer dans un nouvel envi-
ronnement, y compris un environnement ge´re´ via un intergiciel de grille6.
Contrairement a` l’utilisation d’APIs e´ventuellement complexes d’utilisation
si elles veulent pouvoir refle´ter toute l’e´tendue des options de de´ploiement
(comme GAT [Section 2.2.4, page 181, section 3.3]), le me´canisme propose´
est beaucoup plus simple d’utilisation, tout en e´tant puissant.
Notre approche est comple´mente´e par un outil de surveillance, de pilo-
tage, voire de de´boggage, du de´ploiement et de l’exe´cution d’applications
ProActive. Cet outil se nomme IC2D (Interactive Control and Debug for
6comme re´alise´ avec succe`s re´cemment, a` l’occasion du 2nd Grid PlugTests and Contest
d’octobre 2005, en interfac¸ant deux intergiciels de grille incontournables de plus, Unicore
et EGEE gLite
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Distribution), ses principes sont pre´sente´s dans [C6,C8] et re´sume´s en [Sec-
tion 2.2.2, page 139, section 4.3].
3.3 Extension vers une approche par compo-
sants logiciels
Il est reconnu que les composants logiciels exhibent des qualite´s inte´ressantes
que ne pre´sentent pas les objets. C’est tout particulie`rement les suivantes qui
nous paraissent pertinentes pour la programmation paralle`le et re´partie :
– Connexion dynamique des interfaces des composants (interfaces serveur
ou client).
– Se´paration naturelle des caracte´ristiques fonctionnelles et non fonction-
nelles.
– Packaging de composants, avec livraison sur l’e´tage`re, incluant l’utili-
sation de me´ta informations pour de´crire les fonctionnalite´s du compo-
sant (et donc imaginer de pouvoir les se´lectionner dans des catalogues
de composants [W17]).
Nous pre´sentons ci-dessous les diffe´rentes directions et re´sultats auxquels
nous avons apporte´s notre contribution, et qui ont re´ellement pris forme graˆce
au travail de Matthieu Morel, d’abord en tant qu’inge´nieur, puis en tant que
doctorant.
3.3.1 Composants distribue´s
En tout premier lieu, le domaine du paralle´lisme ne´cessite que les compo-
sants soient eux-meˆmes des codes paralle`les et re´partis. Dans notre contexte,
il est apparu e´vident qu’un syste`me d’objets actifs ProActive puisse consti-
tuer le code d’un composant, meˆme si on privile´gie un de ces objets comme
e´tant le point d’entre´e du composant. Ce syste`me d’objets actifs peut lui-
meˆme eˆtre structure´ sous la forme d’un programme OO-SPMD. Des travaux
en cours re´fle´chissent a` des solutions ge´ne´riques a` base d’objets actifs, pour
emballer des codes patrimoniaux paralle`les (par exemple e´crits en C plus
MPI). Meˆme dans ce cas, le composant reste conside´re´ comme un syste`me
d’objets actifs. De ce fait, il he´rite naturellement de toutes les qualite´s in-
trinse`ques d’une application ProActive, et principalement : traitement asyn-
chrone des demandes d’exe´cution de services sur le composant, avec gestion
automatique des re´ponses ; de´ploiement du composant sur un environnement
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re´parti, aussi complexe et he´te´roge`ne que peut l’eˆtre une grille ; migration
possible du composant.
3.3.2 Composants re´partis hie´rarchiques
Un composant est naturellement accessible a` distance. La cre´ation d’une
application par assemblage de composants de´ploye´s par exemple sur une
grille, est de ce fait naturelle. On peut trouver de nombreux frameworks
a` composants qui permettent cela. En particulier, les frameworks qui im-
plantent le mode`le a` composants CCA [1], et qui ont apporte´ des solutions
pour que les composants soient des codes paralle`les. Cela comporte entre
autre l’introduction de techniques adapte´es pour la redistribution efficace
de donne´es entre ces diffe´rents codes paralle`les [85], connues sous le terme
ge´ne´rique de MxN problem. Ne´anmoins, l’assemblage de composants est plat,
et donc pas particulie`rement structure´.
Nous avons contribue´ a` promouvoir l’ide´e que l’assemblage de
composants pre´sente des avantages a` eˆtre hie´rarchique. Ceci per-
met de mieux appre´hender les pre´occupations non fonctionnelles,
qui sont exacerbe´es dans le contexte de la programmation et
l’exe´cution paralle`le et re´partie, en particulier sur grille de cal-
cul.
Il nous semble en effet inte´ressant de tenter le paralle`le entre la fac¸on dyna-
mique, spontane´e, voire autonomique, qui sous-tend l’organisation et l’e´mer-
gence de grilles de calcul, et les logiciels (composants ou plus ge´ne´ralement
services) qui constituent la partie e´merge´e et utile pour profiter des infra-
structures sous-jacentes. Ces logiciels doivent pouvoir eˆtre le re´sultat de com-
positions a` la fois dans l’espace (chaque composant est de´ploye´ sur des
ressources de calcul de la grille, e´ventuellement e´loigne´es ge´ographiquement)
et dans le temps (un service offert par un composant n’est pas force´ment
utile tout au long du cycle de vie d’un autre composant agissant comme client
[35]). De plus, ces compositions doivent pouvoir e´voluer dynamiquement, en
fonction des instances disponibles, du fait par exemple de la volatilite´ des
ressources (d’ou` l’importance d’une approche par composant plutoˆt que par
objets uniquement).
Un mode`le de composants hie´rarchiques ou` de`s le de´part, toute com-
position de composants a elle meˆme un statut de composant, apporte des
qualite´s d’encapsulation et donc de de´le´gation des actions et des prises de
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de´cision. Ces qualite´s nous semblent utiles pour maitriser a` la cre´ation, au
de´ploiement, et a` l’exe´cution :
– l’ordre de grandeur (plusieurs milliers de composants e´le´mentaires peu-
vent contribuer a` l’e´mergence d’un service applicatif) ;
– la complexite´ intrinse`que lie´e au contexte de grille. Ce contexte est par-
ticulie`rement exigeant du fait de l’he´te´roge´ne´ite´ des supports mate´riels
et logiciels et de leur niveau de performance, du faible degre´ de fiabilite´
et de se´curite´, de la volatilite´ des ressources, etc.
– cet ordre peut s’ave´rer si grand qu’une approche autonome dans les
prises de de´cisions, qu’elles soient de niveau fonctionnel ou non fonc-
tionnel se justifie (comme de´ja` explore´ dans [6], [81], [50]).
Par exemple, supposons qu’une ope´ration de maintenance soit planifie´e
sur un cluster de machines. Pour ne pas interrompre l’application, il est
ne´cessaire de pouvoir lui imposer de migrer vers un autre cluster. L’ope´rateur
d’un syste`me hie´rarchique de composant peut par exemple, de manie`re toute
naturelle, faire se propager l’information de maintenance depuis la racine
de la hie´rarchie de composants constituant l’application. Un controˆleur de
migration par composant hie´rarchique, peut alors recevoir et de´cider de la
ne´cessite´ ou non de propager l’information aux composants qu’il contient,
et ainsi de suite. Au bout du compte, seules les instances utilisant effec-
tivement les machines de ce cluster devront re´ellement re´agir a` l’informa-
tion rec¸ue et ce si possible, de fac¸on coordonne´e. A nouveau, cette prise de
de´cision coordonne´e peut utilement eˆtre re´alise´e en se reposant sur le niveau
hie´rarchique imme´diatement englobant. En effet, c’est probablement parce
que les instances communiquaient intense´ment qu’elles avaient e´te´ place´es
sur le meˆme cluster. Le choix de leur nouvel emplacement doit donc respec-
ter cette contrainte. Par conse´quent, c’est naturel que ce soit le composant
hie´rarchique englobant qui ait la charge de piloter l’acquisition d’un nombre
suffisant de ressources co-localise´es sur un meˆme cluster, puis de de´clencher
l’ordre de de´placement de toutes les instances.
Composants hie´rarchiques Fractal pour la grille Depuis quelques
anne´es e´merge une importante communaute´ de chercheurs autour de la de´fi-
nition et des implantations d’un mode`le de composants hie´rarchiques, Fractal
[15]. Les implantations connues ne permettent pas d’avoir des composants
qui soient a` la fois paralle`les et re´partis, et ou` les invocations de services
entre composants se preˆtent bien a` un environnement a` large e´chelle telles
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les grilles. Une implantation du mode`le Fractal au dessus de ProActive a
donc e´te´ entreprise [R8,R12,C12,C15]. Tout comme n’importe quel compo-
sant primitif, un composant hie´rarchique est implante´ par le biais d’un objet
actif ProActive (voir Section 2.3.1, page 201+8, section 4]), et la partie MOP
de l’objet est e´tendue pour implanter la spe´cification Fractal.
3.3.3 Proble`mes spe´cifiques lie´s a` la grille
Nous avons pu identifier et commencer a` re´soudre un certain nombre de
points lie´s a` cette proposition.
Membranes Dans le mode`le Fractal, tout composant qu’il soit primitif ou
hie´rarchique comporte une partie de controˆle (membrane). Toute invocation
de service e´manant d’un composite (entrante ou sortante) ne´cessite donc de
traverser sa membrane, ce qui se traduit par un appel vers un objet actif, vers
lequel le temps de communication n’est jamais ne´gligeable dans le contexte
de grilles. Il serait souhaitable de pouvoir court-circuiter les membranes des
composites (e´tablir des raccourcis), tant que des demandes de reconfiguration
d’un composite ne sont pas en cours de traitement. En effet, les liaisons
e´tablies dans la membrane du composite peuvent eˆtre remises en cause lors
des reconfigurations. Il faut donc eˆtre capable dynamiquement d’annuler les
raccourcis pour en re´tablir plus tard. Il faut prendre garde a` conserver l’ordre
FIFO des communications du syste`me ProActive sous-jacent du fait de ces
diffe´rentes annulations et re´tablissements de chemins suivis par les messages
ProActive.
De´ploiement Il est possible de spe´cifier dans le fichier de me´ta informa-
tions associe´es au composant un nom de nœud virtuel au sens habituel ProAc-
tive. On envisage e´galement d’ajouter d’autres informations quant aux be-
soins en ressources pour l’exe´cution du composant. Lors de l’assemblage d’un
syste`me a` composants, il faut donc e´galement permettre la composition de
ces informations [section 3.2 Section 2.3.1, page 201+8].
Composants hie´rarchiques paralle`les L’assembleur du syste`me de com-
posants devant s’exe´cuter sur la grille peut vouloir profiter du paralle´lisme
mate´riel sous-jacent. Deux possibilite´s existent : un composant primitif est
de´ja` conc¸u comme un code paralle`le, ou un meˆme composant primitif peut
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donner lieu au de´ploiement de plusieurs instances. Dans ce second cas, en ac-
cord avec l’approche Fractal, il est naturel de re´unir toutes ces instances au
sein d’un unique composite, que l’on qualifie de composant hie´rarchique pa-
ralle`le a` de´ployer sur un ensemble de ressources [Section 2.3.1, page 201+6].
Mais dans ce cas, au lieu d’invoquer le service sur un seul re´plica, on veut pou-
voir l’invoquer en paralle`le (c’est-a`-dire efficacement) sur tous les re´plicas. Les
donne´es ne´cessaires pour ce service peuvent elles-meˆmes eˆtre de´composables,
de manie`re a` ce que chaque service rec¸oive et traite en paralle`le une por-
tion de ces donne´es. Un re´plica peut avoir besoin de faire appel a` un ser-
vice, et du coup, l’ensemble paralle`le de re´plicas aussi. Chaque re´plica peut
inde´pendamment des autres effectuer cet appel. Il peut s’ave´rer plus efficace
de ne faire qu’un unique appel pour l’ensemble, et une fois le re´sultat ren-
voye´, de le transmettre a` chaque re´plica apre`s de´coupage e´ventuel. Il faut
donc e´tendre le mode`le standard de service offert et service requis pour sa-
tisfaire ces nouvelles spe´cifications et les mettre en œuvre au sein du frame-
work. Il a donc e´te´ propose´ d’introduire les notions d’interfaces collectives
serveur ou client, de type multicast (un appel se transforme en un ensemble
d’appels), ou gathercast (pour synchroniser un ensemble d’appels afin de
n’en re´aliser qu’un seul) [R13,C18]. Lier deux composants paralle`les compo-
sites (voir figure 3.2) peut alors ne´cessiter de re´soudre un proble`me similaire
au MxN problem qui se pose lorsque l’on relie deux composants primitifs
qui sont eux-meˆmes des codes paralle`les. Conforme´ment a` l’approche Frac-
tal, les composants, qu’ils soient primitifs ou composites doivent avoir la
meˆme spe´cification. Une spe´cification unique applicable aux deux cas s’ave`re
ne´cessaire [R16].
Le bilan est que l’on essaye de cre´er du paralle´lisme non pas par
programmation mais par composition.
On est bien conscients des limites actuelles : les replicas ne se connaissant
pas, ils ne peuvent pas interagir entre eux. Nous avons pu le constater en
e´tudiant dans [R18] la transformation de l’application Jem3D fonde´e sur des
groupes d’objets actifs type´s, en une version a` base de composants. Une
extension plus profonde de l’approche est donc ne´cessaire. Par exemple, un
composant hie´rarchique paralle`le organiserait les re´plicas qu’il contient selon
un groupe OO-SPMD. Les relations ne´cessaires entre les re´plicas pourraient
reposer sur des structurations topologiques des objets actifs du groupe (selon
[Section 2.2.3, page 171, sections IV.B, IV.C]) et l’ADL Fractal e´tendu pour
de´signer les relations de voisinage.
3.3. EXTENSION VERS UNE APPROCHE PARCOMPOSANTS LOGICIELS51
Fig. 3.2 – Couplage de deux composants hie´rarchiques et paralle`les
Interope´rabilite´ des composants avec des services Dans un monde
ouvert comme l’est une grille, les applications qu’elles soient simples ou
complexes, ont vocation a` eˆtre publie´es pour pouvoir servir a` la commu-
naute´ toute entie`re. Notre vision est la suivante : les composants re´partis
hie´rarchiques sont utiles pour la de´finition et la mise en œuvre d’un service,
lorsque sa logique et sa structure applicative et non-fonctionnelle sont com-
plexes7. Il a ensuite vocation a` eˆtre expose´ et publie´ selon la technologie a`
services de´sire´e : en tant que service Web [W18,B3], ou selon toute autre tech-
nologie a` services, par exemple en tant que service OSGi (voir 4.2) re´parti, etc.
Syme´triquement, la mise en œuvre d’un service par l’approche composants
devrait pouvoir tirer profit des services existants et publie´s dans l’environ-
nement dans lequel le service est plonge´ a` l’exe´cution (voir par exemple [7]
ou` les services requis de composants GRID.it peuvent eˆtre lie´s a` des services
Web).
7La structuration globale du syste`me a` composants peut d’ailleurs s’organiser selon des
squelettes, comme e´tudie´ dans [28]
52 CHAPITRE 3. STRUCTURATION PAR OBJETS ACTIFS MOBILES
3.4 Conclusion
Dans ce chapitre, nous avons dresse´ un panorama des diffe´rentes contri-
butions apporte´es aux recherches effectue´es avec comme point de de´part le
concept d’objet actif accessible a` distance.
Au dela` des extensions spe´cifiques apporte´es au concept d’objet actif
(mobilite´, communication de groupe, etc.) c’est l’inte´gration de toutes ces
caracte´ristiques additionnelles qui constitue aussi une difficulte´8. Mais, en
meˆme temps, c’est ce qui nous semble constituer la force de l’approche et
des solutions propose´es. Rares sont les plateformes de programmation et
d’exe´cution paralle`le et re´partie qui peuvent pre´tendre offrir aux applications
un tel continuum dans les services techniques : des aspects lie´s a` l’assemblage
et a` la programmation, jusqu’au de´ploiement et le suivi de l’exe´cution dans
les cadres les plus exigeants que sont les grilles. Evidemment, d’autres envi-
ronnements ont les meˆmes types de pre´tentions, mais ils re´ussissent peut-eˆtre
moins bien a` fe´de´rer tous ces aspects, et a` eˆtre d’application aussi ge´ne´rale.
En particulier, les objets actifs et les composants permettent d’exprimer
des sche´mas de communication quelconques. Les plateformes inte´gre´es pour
la programmation des grilles privile´gient souvent des mode`les plus simples
style ”sac de taˆches” qui n’interagissent pas pendant leur re´solution (OurGrid
[10], Alchemi de´veloppe´ dans le contexte du projet Gridbus [52], . . .).
Ou bien, les solutions propose´es se cantonnent au roˆle de bibliothe`que
entre processus re´partis, ve´hiculant des messages, proposant un service de
nommage (ex. PVM, MPI, Voyager [40]) ; ces bibliothe`ques sont alors porte´es
sur telle ou telle technologie ou infrastructure re´partie (MPICH-G2 [44] est
le portage de MPI sur Globus, [60] pre´sente un plug-in PVM sur Harness,
etc.).
A l’autre bout du spectre, on trouve des environnements ou middlewares
permettant ”juste” de fe´de´rer des ressources au sein d’une grille de calcul pour
ensuite y soumettre des jobs : Unicore [78], tous les nombreux middlewares
baˆtis au dessus de Globus [32], Legion [49] qui se distingue par sa mode´lisation
tout objet des ressources et services ne´cessaires pour baˆtir la fe´de´ration, . . ..
Le projet H2O [46] semble eˆtre celui qui se rapproche le plus de notre
de´marche inte´gre´e. H2O propose une approche a` objets distribue´s pour pro-
8par exemple, l’implantation des barrie`res de synchronisation OO-SPMD agit sur
l’ordre des requeˆtes dans la queue ; il faut qu’elle soit compatible avec le protocole de
tole´rance aux pannes par sauvegarde de l’e´tat et reprise par recouvrement, qui se fonde
sur une gestion fine de l’e´tat de la queue des requeˆtes [C19]
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grammer des applications, ensuite de´ploye´es sur un runtime portable et tre`s
modulaire via une approche plug-in pour les aspects non fonctionnels. Le
mode`le de programmation sous-jacent n’est cependant pas si riche (pas de
future automatiques, pas de groupes d’objets type´s permettant de la commu-
nication 1-N, . . .). Il existe aussi au dessus d’H2O une imple´mentation d’un
mode`le a` composants, le mode`le CCA [53]. Une inte´ressante collaboration,
rendue possible graˆce au re´seau d’excellence CoreGRID, s’est impose´e : l’ob-
jectif est de pouvoir inclure des composants CCA (au dessus d’H2O), au sein
de composants composites Fractal-ProActive (qui du fait de leur approche
hie´rarchique sont donc plus ge´ne´raux)[D3]. La motivation globale est d’abou-
tir a` un mode`le de programmation par composition suffisamment solide et
riche, pour applications visant a` eˆtre de´ploye´es et exe´cute´es sur grilles. Une
approche par composants logiciels est de ce fait naturelle. Ce genre de colla-
borations pre´sente l’opportunite´ de confronter, enrichir mutuellement, voire
rendre interope´rables les plateformes de programmation sur grille existantes.
L’effort d’interope´rabilite´ semble pertinent dans un monde de ressources et
services globalise´s tel que promu par le concept de grille : l’ide´e est d’e´tendre
ce concept aux applications.
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Chapitre 4
Application a` l’administration
La synthe`se pre´sente´e dans ce chapitre permet d’illustrer dans quelle me-
sure les me´canismes d’extension de langages objets pour le paralle´lisme et
la re´partition disponibles en particulier dans ProActive, sont utilisables dans
un contexte plus large que le ”simple” calcul scientifique haute performance.
Au contraire, on va voir la pertinence de leur utilisation dans un domaine
bien diffe´rent : l’administration.
4.1 Administration syste`me et re´seau
4.1.1 Contexte ge´ne´ral et Proble´matique
Depuis de´ja` de quelques anne´es, l’exploitation d’agents mobiles pour
re´aliser des ope´rations d’administration de syste`mes et de re´seaux, lorsque
ceux-ci sont de grande taille, est se´rieusement e´tudie´e. En effet, l’approche
par agent mobile a le potentiel de re´aliser ces ope´rations par de´le´gation en
lieu et place de l’administrateur en allant au dela` d’un mode`le plus classique
”client-serveur”. Il y a bien d’autres bonnes raisons d’utiliser le paradigme a`
agent mobile, et plus basiquement, le paradigme acteur ainsi que celui a` objet
mobile pour construire des applications re´parties. Parmi les 7 bonnes raisons
couramment e´voque´es [48], les suivantes sont celles que nous exploitons :
– re´duction du trafic re´seau,
– exe´cution asynchrone et autonome.
Apre`s un certain succe`s, puis un certain abandon, le concept d’agent mobile
semble redevenir populaire. Par exemple, du fait de l’e´mergence de desktop
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grids, on peut envisager que l’exe´cution des calculs se fasse via une plateforme
logicielle a` agents mobiles, les agents acheminant les calculs sur les ressources
disponibles [34]. Plus ge´ne´ralement, le concept d’agent mobile peut supporter
le principe de Distributed Sequential Computing, ce dernier consistant a` avoir
des fils d’exe´cution se´quentiels, mais re´partis, et capables de migrer afin de
poursuivre leur exe´cution, par exemple en se rapprochant au plus pre`s des
donne´es a` traiter [65].
Nous exploitons ces qualite´s escompte´es des agents mobiles, pour ope´rer
des syste`mes et des re´seaux, ne´cessitant de re´colter et disse´miner de l’infor-
mation sur ces syste`mes, e´ventuellement en paralle´le.
Le protocole d’administration de base utilise´ pour l’administration de
syste`mes et de re´seaux est le SNMP (Simple Network Management Proto-
col) permettant de re´colter d’une manie`re standard les informations perti-
nentes pour les taˆches d’administration. Le cas typique d’utilisation d’un
agent mobile d’administration est celui ou` l’agent visite des syste`mes et
des e´quipements re´seau et sur chacun, re´alise des collectes d’information via
SNMP, qu’il aggre`ge et analyse de manie`re autonome, pour ensuite les tenir
a` disposition de l’administrateur. L’administrateur peut interroger l’agent a`
distance, ou localement, une fois ce dernier parvenu a` la fin de son itine´raire
et revenu par exemple a` la station de base d’ou` l’administrateur l’a lance´.
L’inte´reˆt nume´ro un re´side dans le fait d’une diminution potentielle de la
bande passante re´seau ne´cessaire pour rendre disponibles ces informations a`
l’adminstrateur : e´tant collecte´es et fusionne´es sur place, la charge de com-
munication induite se concentre uniquement sur le re´sultat de ces fusions
(qu’on espe`re eˆtre de taille plus re´duite que si les informations brutes e´taient
remonte´es inte´gralement a` la station d’administration) ; un autre avantage
potentiel est l’utilisation d’un ensemble d’agents qui permettent de tirer par-
tie de collectes re´alise´es en paralle`le. Ces agents peuvent meˆme se concerter
par le biais d’interactions, afin de ne pre´senter a` l’administrateur qu’une
synthe`se globale de leurs ope´rations, diminuant potentiellement le goulot
d’e´tranglement que repre´sente une unique station d’administration.
Un certain nombre de plateformes issues de la recherche acade´mique ont
e´te´ propose´es. Elles de´finissent un cadre de programmation pour des agents
mobiles de´die´s a` des ope´rations d’administration syste`me et re´seau (voir par
exemple MAP [67], MobileSpaces [69]). Dans ce contexte, il nous a semble´
pertinent d’explorer dans quelle mesure notre approche et outil de program-
mation re´partie et mobile (ProActive) pouvaient eˆtre applicables pour la
supervision de syste`mes et de re´seau, et quels pourraient en eˆtre les be´ne´fices
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par rapport aux autres.
4.1.2 Plateformes d’administration par agent mobile
Difficulte´s de programmation
Parmi les points de´licats relatifs a` la programmation d’agents mobiles
pour l’administration, nous avons tout particulie`rement conside´re´ les sui-
vants :
– le besoin pour un agent d’effectuer parfois des ope´rations SNMP, par-
fois des ope´rations exprimables uniquement en langage Java, et ce, en
fonction des caracte´ristiques de l’e´le´ment cible
– le besoin pour un agent de connaitre et de´rouler son itine´raire de vi-
site, et que ce dernier soit a` jour, sachant que plus le re´seau est de
grande taille, plus la liste des e´le´ments le constituant est sujette a` des
e´volutions.
Notre proposition pour prendre en compte ces deux points, et ce de
manie`re inte´gre´e, se trouve de´crite plus amplement en [C9] (voir [Section 2.4.1,
page 221]) et [C11] ([Section 2.4.2, page 235]), et synthe´tise´e ci-dessous. Ce
travail a constitue´ la the`se de doctorat d’Emmanuel Reuter.
Maintien et mise a` disposition de la topologie du domaine a` admi-
nistrer
Le premier volet repose sur la de´couverte dynamique de la topologie du
re´seau dont la plateforme d’administration par agents mobiles est en charge
[Section 2.4.1, page 221+4, section 2.2] et [Section 2.4.2, page 235+2, section
III.A]. Pour cela, nous avons programme´ un DiscoveryAgent (lui-meˆme un
agent mobile) dont la taˆche est de re´colter, et combiner des informations sur
les diffe´rents e´le´ments pre´sents, et la manie`re dont ils sont interconnecte´s.
Ces interconnections sont celles existantes au niveau 2 des couches OSI,
donc, refle´tant pre´cise´ment l’organisation re´seau sous-jacente. Par ailleurs,
les nœuds d’accueil potentiel d’agents mobiles (runtime ProActive) pouvant
eˆtre pre´sents sur les hoˆtes (PCs) rencontre´s sont enregistre´s lors de ce pro-
cessus de de´couverte.
Ces informations sont collecte´es au niveau de chaque LAN constituant
l’ensemble du domaine d’administration. Ensuite, ces informations sont stocke´es
et rendues disponibles dans des serveurs d’itine´raires (en ge´ne´ral, un serveur
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par LAN). Ces serveurs d’itine´raires sont de plus enregistre´s en tant que ser-
vice Jini, pour eˆtre ulte´rieurement retrouve´s par des agents mobiles devant
parcourir le domaine, dans son inte´gralite´ ou partiellement selon un certain
crite`re (par exemple, selon le type de l’e´quipement, imprimante, routeurs,
etc) (voir [Section 2.4.1, page 221+6, section 3.2]).
Itine´raire ge´ne´rique d’administration
Le second volet de notre proposition est de´crit ci-dessous et se penche sur
la question suivante.
Pour exploiter pleinement la puissance des agents mobiles dans
le contexte de l’administration, il nous faut rendre flexible la
manie`re d’exprimer et d’exe´cuter la taˆche d’administration confie´e
a` un agent mobile.
Pour cela, nous e´tendons le me´canisme de gestion d’itine´raire pour objets
mobiles qui est disponible de base dans ProActive : ce me´canisme permet
a` un objet actif mobile de disposer d’un itine´raire et de pouvoir le suivre
de manie`re automatique. Le principe de cette extension est de repre´senter
par sous-classement les nouveaux types de destination ne´cessaires dans notre
contexte de l’administration (voir [Section 2.4.1, page 221+6, figure 2 et
section 3.1]). En plus du classique NodeDestination qui permet d’accueillir
un objet actif ProActive sur un runtime ProActive, nous avons introduit
en particulier deux nouveaux types de destination : SNMPdestination et
ItineraryServerDestination [Section 2.4.2, page 235+3, section IV.B]).
Les principes sont les suivants :
– une SNMPDestination permet de de´crire quelles ope´rations effectuer
selon le protocole SNMP (en interrogeant l’agent SNMP) concernant
l’e´le´ment courant de l’itine´raire ”visite´” par l’agent ; cette interroga-
tion pourra se faire soit a` distance ou localement. Pour eˆtre fait loca-
lement, l’agent aura pre´alablement migre´ sur l’e´le´ment, en accord avec
son itine´raire. Bien suˆr, cet e´le´ment doit he´gerger un nœud d’accueil
ProActive.
– une ItineraryServerDestination permet d’inse´rer dans l’itine´raire
suivi par l’agent mobile, une ope´ration d’interrogation des prochains
e´le´ments a` rajouter a` l’itine´raire. C’est de cette manie`re que l’on est
capable de construire des itine´raires non statiques puisque c’est seule-
ment au moment de l’interrogation de ce serveur, que l’agent re´coltera
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une liste a priori a` jour, d’e´le´ments a` visiter, qui seront alors rajoute´s
explicitement a` son itine´raire.
Ainsi, cette manie`re originale de fabriquer des itine´raires d’administration
permet de simplifier la taˆche de l’administrateur du domaine. Ce dernier
spe´cifie par programmation le type d’itine´raire de´sire´ : il le fait en ayant
juste a` indiquer le type de gestionnaire d’itine´raire ItineraryManager qu’il
veut voir associe´ a` l’agent, et lui passe en parame`tre le serveur d’itine´raire
a` utiliser, au moins initialement (voir [Section 2.4.1, page 221+8, section 4,
et en particulier les figures 4 et 6] et [Section 2.4.2, page 235+4], figure 2).
L’agent mobile est par contre totalement autonome en ce qui concerne le
suivi automatique de son itine´raire et des ope´rations associe´es a` exe´cuter sur
chaque e´le´ment ”visite´”, selon le type de cet e´le´ment.
Disposant d’un tel socle, on pourrait rendre encore plus flexible la prise
de de´cision suivante : est-il plus performant de faire migrer l’agent, ou vaut-il
mieux lui faire re´aliser des ope´rations SNMP distantes [79], soit depuis la
station d’administration, soit depuis l’endroit ou` il se trouve actuellement.
Cette de´cision se traduirait alors par la se´lection du type de Destination
approprie´ pour chacun des e´quipements a` administrer.
Nous avons ainsi ge´ne´ralise´ la notion standard d’itine´raire connue
dans le contexte des plateformes a` agents mobiles. Un itine´raire
ne contient pas uniquement des indications de lieux ou` l’agent
doit effectivement migrer pour y effectuer localement une action
Java. Au contraire, ces lieux correspondent a` n’importe quelle
e´tape dans le de´roulement du travail de l’agent, que cette e´tape
implique une migration effective ou non.
Nous n’avons explore´ que des enchainements se´quentiels dans le de´roulement
de ce travail, mais, e´videmment, toute extension est possible. Comme ex-
plique´ dans le manuscrit de la the`se de doctorat d’Emmanuel Reuter, on
peut tout a` fait e´tendre cette notion pour des itine´raires de visite paralle`le :
il suffit d’inse´rer dans l’itine´raire un nouveau type de destination sur laquelle
l’agent pourra se cloˆner, chaque cloˆne se chargeant par exemple de la vi-
site d’un sous-ensemble du domaine particulier ; et on peut ensuite rajouter
a` chaque fin de sous-itine´raire ainsi que dans l’itine´raire de l’agent princi-
pal, un type de destination servant a` re´aliser une synchronisation des agents
cloˆne´s (a` la manie`re d’un fork-join).
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4.1.3 Conclusion
Cette ”incursion” dans le domaine de recherche lie´ a` l’administration
syste`me et re´seau s’est plus particulie`rement concentre´e sur la supervision
d’infrastructures en re´seau (et donc peut naturellement s’appliquer aux en-
vironnements de type grille [80]) : cela` ne´cessite des moyens a` la fois por-
tables et efficaces pour re´colter l’information, et l’exploitation du concept
d’agent mobile s’imposait donc. Notre effort s’est porte´ sur la de´finition de
me´canismes pouvant simplifier le travail du programmeur, en favorisant flexi-
bilite´ et re´utilisation de code existant dans la de´finition des taˆches d’admi-
nistration re´partie confie´es aux agents.
De manie`re cohe´rente avec l’ensemble de notre de´marche, ces me´canismes
se veulent simples d’usage, tout en e´tant suffisamment ouverts pour s’adapter
a` de nombreuses situations, et sans perdre de vue la possibilite´ d’exploiter
du paralle´lisme si cela s’ave`re pertinent. Comme nous allons l’expliquer dans
la prochaine section, c’est encore cette de´marche que nous avons suivie, en
nous penchant a` nouveau sur une proble´matique lie´e a` l’administration : celle
de parcs d’infrastructures logicielles, avec comme point de mire la maitrise
de la grande e´chelle dans les ope´rations de de´ploiement de logiciels, leur
supervision, ainsi que celle de leurs infrastructures d’accueil.
4.2 Administration de plateformes a` services
4.2.1 Contexte ge´ne´ral et Proble´matique
L’informatique devient pervasive, connecte´e, donc communicante et re´-
partie : elle a envahi nos maisons, nos ve´hicules, notre environnement, la
plupart des lieux collectifs, et ce sous la forme de services de´ployables, ac-
cessibles a` distance. Cette explosion a` la fois de lieu et de masse requiert des
moyens approprie´s d’administration : le passage a` l’e´chelle dans les ope´rations
d’approvisionnement et gestion des services, ainsi que de surveillance des pla-
teformes mate´rielles et logicielles qui les he´bergent est un point cle´. Notre
objectif est d’explorer l’utilisation de techniques issues du paralle´lisme dans
ce cadre. Plus pre´cise´ment, le travail que nous sommes en train de re´aliser
est finance´ par le Re´seau National de Recherche en Te´le´communications, par
le biais du contrat nomme´ PISE : Passerelle Internet Se´curise´e et flexiblE.
Comme le re´sume le site web du RNRT, l’objectif de PISE est de conce-
voir, de´velopper et valider une infrastructure logicielle pour passerelles In-
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ternet se´curise´es capable d’accueillir dynamiquement des services techniques
et me´tier, ainsi qu’un outil d’administration distante pouvant ge´rer un parc
comportant des milliers de passerelles.
Concre`tement, cette vision repose sur l’utilisation de plates-formes logi-
cielles ouvertes, relie´es a` l’Internet, jouant si besoin le roˆle de passerelle avec
un re´seau local. Ces passerelles sont ouvertes, car capables d’he´berger des ap-
plications sous formes de services provenant d’entite´s le´gales e´ventuellement
diffe´rentes, et permettant si ne´cessaire d’obtenir des applications a` tre`s haute
valeur ajoute´e par composition et partage de tels services. Des initiatives pi-
lote´es par le monde industriel ont vu le jour afin de concre´tiser ce type de
vision. Nous nous inte´ressons dans la suite a` l’initiative OSGi : Open Services
Gateway Initiative [36], et reprenons en partie la description qui en est faite
dans [33].
OSGi1 est une proposition qui de´finit les API ne´cessaires pour pouvoir
exe´cuter et ge´rer des services sur une passerelle. L’API OSGi repose sur la
machine virtuelle et le langage Java. Elle peut brie`vement se re´sumer selon
les trois points suivants :
– Le conteneur de services : c’est un de´mon Java qui garantit l’exe´cution
des diffe´rentes briques logicielles he´berge´es. Il autorise et permet l’as-
sociation entre des (services locaux) clients demandant l’acce`s a` des
services et des briques implantant ces services. En re´sume´ son roˆle est
d’enregistrer et de ge´rer localement l’activite´ de la plateforme.
– Les services standards : la spe´cification de´finit un certain nombre de
services standards (http, logging, console, . . .) que la plateforme peut
proposer. Ces services sont directement exploitables par d’autres ser-
vices.
– Un mode`le de livraison de code : le mode`le repose sur le concept de
bundle comme unite´ de transport et de de´ploiement de classes, et de
ressources, qui peuvent eˆtre ensuite partage´es sur la passerelle. C’est
une archive .jar qui peut eˆtre te´le´charge´e puis installe´e par la passe-
relle, et ce de manie`re continue (sans stopper la passerelle). La des-
cription du contenu du bundle se fait par un fichier de description au
format Manifest Java. En plus de ressources usuelles (packages .jar, bi-
bliothe`ques natives, ...), un bundle OSGi peut contenir du code qui une
fois de´marre´ peut rendre des services aux autres services s’exe´cutant
sur la passerelle. Ce partage de packages et de services permet d’envisa-
1www.osgi.org
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ger de re´duire l’empreinte me´moire totale d’un ensemble d’applications,
et rend ainsi possible leur he´bergement sur des passerelles OSGi em-
barque´es sur des e´quipements a` ressources physiques limite´es, tels des
e´quipement mobiles, des ordinateurs embarque´s dans des ve´hicules.
Le conteneur ge`re le cycle de vie des bundles et des services : il installe
les bundles, re´soud les de´pendances entre bundles en fonction de leurs im-
portations et exportations de packages, permet au bundle de s’activer ou se
de´sactiver en fonction de ces de´pendances. Cette dynamicite´ se preˆte bien a`
l’application d’une vision oriente´e services : l’activation de bundles engendre
des objets dont les interfaces peuvent eˆtre conside´re´es comme des services
de`s lors qu’elles sont enregistre´es dans un registry local a` la passerelle. Des
notifications sont automatiquement ge´ne´re´es par le conteneur pour pre´venir
de l’apparition ou disparition de ces services : il s’agit d’une approche par
services dynamiques. Par conse´quent, ce mode`le implique pour le program-
meur la mise en place explicite d’e´couteurs pour les services dont on veut
surveiller le cycle de vie. Afin d’abstraire ce style de programmation quelque
peu de´licat et enclin a` me´langer la logique applicative et la prise en compte
des spe´cificite´s lie´es a` OSGi, une vision ’composants’ a e´te´ re´cemment pro-
pose´e [21] : elle a pris la forme d’un nouveau service OSGi, Service Binder,
dont le roˆle est de prendre entie`rement en charge le cycle de vie et les liai-
sons entre les services de la passerelle a` partir uniquement d’une description
simple et de´clarative des services offerts et requis par un composant (en l’oc-
curence, la notion de composant devenant associe´e au concept de bundle). Ce
concept est disponible dans la dernie`re spe´cification OSGi (version 4), sous
le terme officiel de SCR (Service Component Runtime)2.
La spe´cification OSGi ne propose par contre aucune solution ’standard’
concernant son administration et sa supervision a` distance. La spe´cification
s’arreˆte essentiellement aux API pour la gestion du cycle de de´ploiement et
l’exe´cution des services. Cette limitation est un large frein a` l’utilisation d’une
telle plateforme comme conteneur de services, ge´re´e par un, voire plusieurs
ope´rateurs simultane´ment. Ces ope´rateurs sont par ailleurs a` distance, et sont
potentiellement en charge de centaines voire milliers de telles plateformes.
2Une extension naturelle de OSGi, et de Service Binder, concerne l’aspect re´parti des
services : pouvoir utiliser un service OSGi distant (c’est un des points aborde´s par nos
partenaires dans PISE, et que nous meˆmes commenc¸ons a` explorer dans le cadre d’un autre
contrat, le projet ITEA S4ALL Services for All, mais que nous laissons volontairement de
coˆte´ ici).
4.2. ADMINISTRATION DE PLATEFORMES A` SERVICES 63
Dans ce cadre, Virginie Legrand, inge´nieur recrute´ sur contrat PISE, et
moi-meˆme, nous nous sommes attaque´es a` la proble´matique du passage a`
l’e´chelle dans les ope´rations de supervision.
Comme point de de´part, nous nous sommes inspire´es de travaux re´alise´s
notamment dans le cadre du projet ITEA OSMOSE3 ou [33], proposant d’ap-
pliquer l’outil JMX (Java Management eXtensions) de´fini par Sun concernant
la gestion d’applications ou plus largement, d’infrastructures logicielles, au
cas des passerelles et applications OSGi. Contrairement a` SNMP plus appro-
prie´ a` la gestion de syste`mes et de re´seaux, le choix de JMX est plus pertinent
puisque intimement lie´ a` Java, et donc a` la supervision d’applicatifs.
JMX, et son extension pour l’acce`s aux fonctions de supervision a` dis-
tance, la JSR 160, de´finit une architecture ainsi que les APIs correspondantes
[30], organise´e autour :
– d’une part, d’un ensemble de petits composants appele´s Mbeans, as-
socie´s a` chacune des ressources ou objets a` superviser.
– d’autre part un agent, en charge de ge´rer le cycle de vie et l’acce`s
aux Mbeans, via un serveur appele´ Mbean server, rendu accessible
a` distance par le biais de connecteurs interchangeables (connecteur
HTTP, SNMP ou toute autre technologie d’acce`s distant via IP) et
des adapteurs de protocoles (assurant la liaison entre des protocoles
spe´cifiques comme SNMP ou http et les services locaux qu’offre l’agent,
par exemple pour invoquer des me´thodes sur les Mbeans).
En d’autres termes, le mode`le d’administration JMX ne´cessite d’instrumenter
les ressources logiques ou physiques a` administrer, en y associant des Mbeans
sur lesquels l’administrateur pourra ensuite agir par appel de me´thode ; on
peut aussi de´finir quelles actions re´alise´es sur l’applicatif supervise´ devront
eˆtre remonte´es a` l’administrateur via la ge´ne´ration d’e´ve´nements.
Point de de´part : Gestion JMX sur OSGi Appliquer JMX a` l’admi-
nistration distante de plateformes OSGi passe par la livraison sous forme de
bundles de l’agent, ainsi que des connecteurs voulus pour l’acce`s distant. Il
faut aussi de´finir le ou les Mbeans qui seront ge´re´s par l’agent. Nous avons
choisi de n’en de´finir qu’un seul par plateforme OSGi. Il propose un ensemble
minimal mais suffisant de me´thodes pour re´colter les informations de base
et de´clencher des ope´rations constituant un socle pour l’administration : en
plus des classiques ope´rations d’interrogation permettant d’obtenir des pa-
3www.itea-osmose.org
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rame`tres ou proprie´tes de la machine, du syste`me d’exploitation, de la pas-
serelle OSGi, ce Mbean permet d’obtenir la liste des bundles installe´s, leur
e´tat, la liste des services publie´s, et offre la possibilite´ d’installer de nouveaux
bundles, d’agir sur leur cycle de vie, etc. Par ailleurs, l’API OSGi permet de
notifier l’exe´cution d’ope´rations de base effectue´es par la plateforme, telles
que installation/desinstallation de bundle, de´marrage, enregistrement, arreˆt
de service, etc. Nous avons donc de´cide´ de faire remonter ces notifications a`
l’administrateur via des notifications JMX.
4.2.2 Besoins de l’Administration a` grande e´chelle
L’utilisation d’une technologie telle JMX re´pond a` un des crite`res primor-
diaux en terme d’administration : l’aspect distant de l’objet a` administrer
et de l’outil en charge de cette administration. Un autre aspect, de plus en
plus pre´sent du fait de la prolife´ration des e´quipements et services en re´seau,
rele`ve de la multitude de tels objets a` administrer. Un dernier aspect provient
de la multiplication des sources d’approvisionnement de services, et donc de
la ne´cessite´ de confinement des ope´rations d’administration en fonction des
entite´s reconnues et autorise´es.
La prolife´ration d’e´quipements et services en re´seau requiert de
rechercher des solutions d’administration qui concilient re´partition,
asynchronisme (pour avoir du paralle´lisme dans l’exe´cution d’ope´rations),
se´curite´, et bien entendu, facilite´ d’utilisation.
Pour un administrateur, nous pensons que ce dernier crite`re se traduit par
la capacite´ de son outil a` refle´ter la structuration du domaine re´el dont il a
la charge (que ce soit un domaine physique, c’est-a`-dire un parc de machines
et d’e´quipements, ou un domaine virtuel constitue´ de services). Ce domaine
peut s’ave´rer complexe, vaste, mais ne´anmoins, il est couramment organise´
d’une manie`re hie´rarchique, qui pour le cas d’un domaine virtuel peut de
manie`re naturelle eˆtre calque´ sur le domaine physique (notion de structure
d’entreprise [59]).
Pour fixer les ide´es par le biais d’un exemple, imaginons un domaine phy-
sique, constitue´ de compteurs e´lectriques de´ploye´s sur une zone ge´ographique
a` l’e´chelle d’un pays. Ce domaine physique est lui-meˆme plus facilement
appre´hendable par l’ope´rateur (installateur, ou re´parateur des compteurs),
graˆce a` une de´composition re´cursive en zones ge´ographiques ou administra-
tives plus petites. Sur un tel parc sont de´ploye´s des services de gestion de
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consommation e´lectrique, mais du fait de l’ouverture du marche´ a` la concur-
rence, les offres de tels services peuvent provenir de fournisseurs diffe´rents.
Conside´rons le point de vue d’un autre ope´rateur, celui en charge de super-
viser l’ensemble des services de´ploye´s, fournis par la compagnie A, ce qui
constitue alors un domaine virtuel et non physique. Il peut lui aussi vouloir
structurer ce domaine en suivant une structure hie´rarchique fonction de la
ge´ographie sous-jacente. Mais il peut aussi avoir un inte´reˆt a` ge´rer ce domaine
virtuel selon un autre regroupement : par exemple, selon une arborescence
refle´tant les diffe´rentes versions existantes pour un service donne´ de´ploye´ sur
le parc.
Les caracte´ristiques des taˆches demande´es a` un administrateur sur un
tel domaine doivent e´galement eˆtre refle´te´es dans l’outil. Ces taˆches sont
essentiellement de type surveillance ou action (installation, mise a` jour, ou
de´sinstallation), et orthogonalement, concernent l’ensemble ou un sous-en-
semble du domaine, ou bien un e´le´ment en particulier.
Donc selon ces deux dimensions que sont le domaine et les activite´s d’ad-
ministration, la taˆche la plus complexe consistera a` de´ployer une applica-
tion ou service (lui-meˆme obtenu par composition de plusieurs services plus
e´le´mentaires), sur chaque e´le´ment du parc ; en conside´rant de plus que ce
parc est he´te´roge`ne du point de vue physique, et du point de vue de celui
des services requis. En effet, certains e´le´ments, mais pas tous, peuvent de´ja`
disposer des services requis, et ce dans des versions peut-eˆtre diffe´rentes,
mais ne´cessairement compatibles avec les services manquants qui y seront
de´ploye´s. Re´aliser un tel de´ploiement doit donc reposer sur un plan, que
nous conside`rons eˆtre pre´alablement calcule´ 4. Ce plan de´crit pour l’ensemble
des e´le´ments du parc concerne´, l’ensemble de toutes les actions a` re´aliser in-
dividuellement sur chaque e´le´ment de l’ensemble. Pour calculer le plan, la
plateforme d’administration doit maintenir un descriptif le plus pre´cis et
exact possible des domaines physiques et virtuels, car servant de parame`tre
d’entre´e a` ce calcul. En effet, le calcul se fonde sur l’estimation du diffe´rentiel
qu’il y a entre l’e´tat actuel et l’e´tat voulu, et ce pour chaque e´le´ment. Une
fois un plan calcule´, l’ope´rateur doit pouvoir exe´cuter le plan via l’outil d’ad-
ministration. Non seulement, l’exe´cution doit eˆtre rapide et en mesure de
passer a` l’e´chelle, mais aussi, pre´senter des qualite´s de type transactionnel
[54] afin de pouvoir eˆtre valide´e ou annule´e.
4Dans le contexte du projet PISE, c’est notre partenaire, l’e´quipe ADELE du LSR-
IMAG qui est en charge de ce calcul [47]
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Pour cela, nous faisons l’hypothe`se d’une se´paration claire entre deux
roˆles : celui qui commande le de´ploiement, celui qui exe´cute le de´ploiement.
L’exe´cuteur doit donc faire remonter au commanditaire toutes les informa-
tions relatives au de´roulement de l’exe´cution du plan : pour chaque e´le´ment,
succe`s, ou e´chec, et en cas d’e´chec, jusqu’ou` le plan a pu eˆtre exe´cute´ avec
succe`s. Le commanditaire peut alors de´cider de demander l’annulation de
l’exe´cution des ope´rations re´alise´es avec succe`s, afin de remettre l’ensemble
du parc cible´ dans un e´tat global ante´rieur (une sorte d’annulation de tran-
saction, la transaction e´tant constitue´e de l’ensemble des ope´rations de´crites
dans le plan). Au contraire, il peut de´cider d’ente´riner l’exe´cution (une sorte
de confirmation de l’exe´cution de la transaction), meˆme si elle n’a pas entie`-
rement re´ussi, quitte a` initier ensuite certaines actions correctives (comme
des installations, ou de´sinstallations) sur certains e´le´ments du parc.
Dans la suite, nous conside´rons que l’exe´cution d’un plan de de´ploiement
sur le parc se concre´tise par l’exe´cution d’une transaction. Comme le parc
cible´ contient plusieurs e´le´ments, il s’agit d’une transaction re´partie, et pour
passer a` l’e´chelle, nous ferons en sorte qu’elle s’exe´cute de manie`re paralle`le
(voir 4.2.7). Comme de plus on autorise (sous certaines conditions) que plu-
sieurs plans de de´ploiements s’exe´cutent en meˆme temps sous le controˆle
d’un meˆme administrateur, ces transactions sont concurrentes. La suite de
ce chapitre de´crit une solution pour de telles transactions.
4.2.3 Solution pour l’administration a` grande e´chelle
Notre contribution a` l’administration a` grande e´chelle de passerelles OSGi,
via JMX, se fonde sur ProActive et prend la forme d’un outil d’adminis-
tration (dont les fonctionnalite´s et principes sous-jacents sont de´crits plus
pre´cise´ment dans une premie`re version de la documentation associe´e [R20]).
Ce travail a aussi comme motivation d’illustrer l’inte´reˆt de la tech-
nologie fonde´e sur le mode`le a` objet actif permettant des traite-
ments et communications asynchrones et se´curise´es, e´tendus a` des
groupes d’objets actifs de meˆme type. Par ce biais, nous voulons
aussi illustrer son ade´quation a` des domaines applicatifs moins
habituels, comme l’est par exemple le calcul haute performance,
mais ou` la mise en œuvre de techniques de paralle´lisme peut pour-
tant se justifier.
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Notre solution se de´cline en plusieurs points que nous allons traiter indi-
viduellement. La description de ces points est assez longue, car, il n’existe pas
encore de publication permettant de les pre´senter sous forme d’article inclus
dans l’annexe (meˆme si le projet PISE est de´crit succintement dans [W23]).
L’implantation des spe´cifications pour ces diffe´rents points en est au stade
final, et permettra de comple`tement valider la de´marche. Celle-ci s’articule
selon la de´finition de :
– Groupes de connecteurs ProActive pour JMX
– Remonte´e de notifications JMX via ProActive
– Exe´cution transactionnelle d’un (ou plusieurs) plan de de´ploiement glo-
bal
– Exe´cution paralle`le d’un plan de de´ploiement global
L’articulation de ces points nous permet de proposer une solution d’adminis-
tration a` grande e´chelle pour passerelles OSGi.
4.2.4 Groupes de connecteurs ProActive pour JMX
La premie`re brique consiste a` re´aliser un point d’entre´e vers un environ-
nement ge´re´ par JMX, en utilisant ProActive. Celui-ci diffe`re donc peu de
l’acce`s via RMI, et cependant apporte quelques avantages surtout en terme
de performances. En effet, ceci va permettre de de´clencher de manie`re asyn-
chrone l’exe´cution d’une ope´ration d’administration sur un e´le´ment donne´
d’un parc. Pour cela`, il suffit que l’ope´ration prenne la forme d’une invoca-
tion de me´thode sur un objet actif.
Nous avons donc de´fini un nouveau connecteur JMX pour l’acce`s distant,
qui est en fait un objet actif ProActive, rendu accessible a` distance par son
association a` un runtime ou nœud ProActive, lieu d’accueil de tous les ob-
jets actifs d’une meˆme JVM. Dans le cas d’OSGi, ce nœud ProActive est
de´marre´ au moment de la livraison et activation de l’ensemble des bundles
constituant la librairie ProActive. De meˆme, le connecteur ProActive pour
JMX est initialise´ lors de l’activation du bundle par lequel son code est livre´
sur la passerelle OSGi.
Les me´thodes que ce connecteur exporte sont inspire´es de celles habi-
tuelles du MbeanServer, e´tendues avec une ope´ration ge´ne´rique d’invocation
d’ope´rations sur Mbeans compatible avec les contraintes lie´es a` ProActive. En
effet, pour qu’une invocation de me´thode via ProActive s’exe´cute de manie`re
effectivement asynchrone, il faut que le type de retour de la me´thode soit un
type extensible. C’est la condition qui permet de de´clencher une ope´ration
68 CHAPITRE 4. APPLICATION A` L’ADMINISTRATION
de manie`re asynchrone puisque un futur sera imme´diatement rendu a` l’appe-
lant – ici l’outil d’administration – par la couche MOP de ProActive. Cette
demande d’ope´ration sera re´ifie´e en tant que requeˆte ProActive. Une fois par-
venue dans la queue des requeˆtes de l’objet actif, elle sera servie de manie`re
FIFO. Le service de la requeˆte consiste a` exe´cuter l’ope´ration demande´e de
fac¸on classique, via le MbeanServer. Si une re´ponse doit eˆtre rendue, elle sera
remonte´e sous la forme d’une re´ponse ProActive. Du coteˆ de l’administrateur,
il suffit de conserver une re´ference ProActive sur le connecteur pour pouvoir
be´ne´ficier de ce nouveau mode de communication avec la cible a` adminsitrer.
Selon cette approche, re´aliser des ope´rations d’administration sur un
parc de machines de fac¸on simultane´e et homoge`ne s’effectue aise´ment via
un groupe de connecteurs. S’agissant d’un groupe d’objets actifs type´s, les
gains en terme de performance proviennent d’une part des optimisations
re´alise´es lors de la pre´paration des requeˆtes, identiques et dont l’envoi pourra
eˆtre multi-threade´, et d’autre part, par la potentialite´ d’exe´cution de ces
ope´rations de manie`re effectivement paralle`le. L’API de JMX ne permet
e´videmment pas l’acce`s distant a` un groupe de Mbeans. Nous l’avons donc
e´tendue dans ce sens (voir figure 4.1), en veillant a` ne pas s’e´loigner de la
me´thode usuelle pour l’acce`s et l’utilisation de Mbeans. Le programmeur peut
donc cre´er un groupe (ProActive) de connections, puis, aussi simplement qu’il
le ferait pour une connection, ouvrir cet ensemble de connections (en un seul
appel de me´thode), et ensuite, utiliser les me´thodes d’acce`s au(x) Mbean(s)
en fonction des interfaces de ces Mbeans. On peut remarquer que le fait que
les connecteurs soient base´s sur ProActive est transparent. L’introduction de
ce concept de connexion asynchrone et de groupes de connexions a e´te´ pense´e
comme une extension naturelle de l’API JMX telle que la manipule le client
Java JMX.
Des tests de performance re´alise´s graˆce a` un tout premier prototype
de´montraient un gain d’environ 50% dans le temps d’administration d’un
parc de 10 machines. Au lieu de devoir attendre l’exe´cution de l’ope´ration
d’administration sur une passerelle donne´e, avant de pouvoir passer a` la pas-
serelle suivante, l’administrateur attend seulement la re´alisation du groupe
d’ope´rations. Le de´lai d’attente perc¸u peut eˆtre de la sorte re´duit de moitie´
si on compare a` l’utilisation d’un connecteur RMI pour JMX.
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Fig. 4.1 – Exemple d’utilisation de l’extension de l’API JMX pour des
groupes de connecteurs
4.2.5 Notifications JMX via ProActive
D’une manie`re syme´trique, on veut que les notifications JMX soient en-
voye´es par le MbeanServer de manie`re asynchrone. Pour cela, il suffit de
rendre l’outil d’administration accessible a` distance : cela se fait tout sim-
plement en associant a` cet outil un objet actif ProActive. Il faut aussi prendre
soin de re´pertorier cet objet actif comme e´couteur (listener) de ces e´ve´nements
JMX. Ici, l’objectif n’est pas de de´synchroniser l’invocation et l’exe´cution de
l’ope´ration de re´ception de la notification, car cela ne pre´sente gue`re d’inte´reˆt
en terme de gain de performance. Il s’agit par contre de mettre a` profit
les qualite´s additionnelles qu’offre ProActive par rapport a` une communica-
tion RMI classique : communication de groupe, se´curisation des communi-
cations via des tunnels ssh, ou encore via l’authentification des partenaires
d’une communication ProActive et l’encryption des donne´es ve´hicule´es par
les requeˆtes et re´ponses [Section 2.2.2, page 139, section 4.4], maintien des
liens de communication meˆme en cas de migration des objets actifs cibles,
etc.
On peut donc imaginer associer non pas une instance, mais un groupe
d’instances de l’outil d’administration a` une e´quipe d’administrateurs en
charge d’un parc donne´. Une notification peut ainsi eˆtre remonte´e au groupe
d’instances. Comme une instance est construite sur la base d’un objet ac-
tif, elle peut migrer. Ceci peut s’ave´rer tre`s pratique : un administrateur
disposant sur son poste de travail d’une instance de l’outil d’administration
peut ordonner la migration de cette instance (avec tout son e´tat et contexte)
sur un autre poste de travail. Cet autre poste de travail peut en particulier
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eˆtre un e´quipement mobile : par exemple, son PDA qu’il emporte lorsqu’il
doit quitter physiquement son lieu habituel de travail, alors qu’il doit conti-
nuer a` superviser le parc. La fermeture propre et la re´installation de l’inter-
face graphique associe´e a` l’outil peut eˆtre prise en charge par les me´thodes
onDeparture et onArrival de l’API ProActive pour la migration.
La figure 4.2 illustre via son interface graphique, les fonctionnalite´s qui
pourraient eˆtre celles d’un outil d’administration de parcs de passerelles
OSGi, tel que prototype´ par nos soins du fait de notre participation au
contrat PISE. Le parc est organise´ en groupes, voire meˆme en groupes de
groupes. L’obtention de l’e´tat de chaque passerelle peut eˆtre de´clenche´e via
une invocation de me´thode sur le Mbean pre´sent sur chaque passerelle du
groupe. Par exemple, on propose une me´thode permettant d’obtenir la liste
des bundles installe´s et leur e´tat. Des e´ve´nements remontent a` l’outil sur
changement dans la configuration de n’importe laquelle des passerelles, de`s
lors que ce changement ge´ne´re un e´venement OSGi.
4.2.6 Exe´cution transactionnelle de plan de de´ploiement
Proble´matique
Le passage a` l’e´chelle des ope´rations d’administration est fortement lie´ a`
l’aptitude a` automatiser les e´tapes de configuration des passerelles, tout en
ayant l’assurance que celles-ci sont mises dans un e´tat identique (e´tat global
cohe´rent en quelque sorte). De´ployer une application sur une passerelle, et
configurer en conse´quence cette passerelle, peut ne´cessiter l’exe´cution d’une
suite d’ope´rations (installation, de´sinstallation de bundles, activation, arreˆt
de services, etc), regroupe´es dans ce qui est couramment appele´ un plan de
de´ploiement unitaire. L’union des plans unitaires a` exe´cuter sur les machines
du parc cible´es est appele´e plan de de´ploiement global. La difficulte´ dans
l’exe´cution d’un plan unitaire, et par conse´quent d’un plan global, est que
rien ne garantit que l’exe´cution du plan arrivera a` son terme sur toutes les
passerelles cibles, meˆme si un tel e´chec peut eˆtre conside´re´ comme exception-
nel [54]. L’acce`s a` certaines peut eˆtre momentane´ment coupe´ ce qui pourrait
poser notamment un proble`me si l’exe´cution du plan est orchestre´e pas a` pas
depuis l’outil d’administration. Meˆme dans le cas contraire ou` chaque plan
unitaire parviendrait a` eˆtre de´livre´ correctement a` chaque passerelle cible et
son exe´cution entie`rement orchestre´e localement, rien ne garantit que cette
exe´cution termine avec succe`s. Il se peut par exemple que l’exe´cution locale
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Fig. 4.2 – Interface graphique d’un outil d’administration d’un parc de pas-
serelles OSGi
du plan ne´cessite de te´le´charger certains bundles. Or, rien ne garantit que ce
soit possible a` tout instant.
Au total, malgre´ le fait que le plan global ait e´te´ conc¸u en prenant en
compte l’e´tat de chaque passerelle de sorte a` amener le parc dans un autre
e´tat, il se peut que certaines ope´rations du plan e´chouent. Ceci a pour effet
de laisser le parc dans un e´tat global incohe´rent, et aussi des passerelles dans
un e´tat interme´diaire peut-eˆtre non satisfaisant.
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Mode transactionnel
Il est donc utile de proposer un me´canisme de type transactionnel afin
de pouvoir ramener le parc dans un e´tat cohe´rent, stable, ce qui se traduit
par une proprie´te´ de type atomicite´ (tout ou rien) sur le plan global, et par
ricochet sur chaque passerelle concerne´e :
– soit le plan est exe´cute´ dans son inte´gralite´ et enterine´ par la validation
de la transaction au niveau du plan global, et chaque passerelle reste
donc dans son nouvel e´tat conside´re´ comme satisfaisant ;
– soit l’exe´cution du plan est annule´e et par conse´quent, l’e´tat de chaque
passerelle concerne´e doit revenir a` ce qu’il e´tait avant le de´but de
l’exe´cution du plan. Le point de reprise conside´re´ peut eˆtre celui qu’avait
la passerelle ante´rieurement a` l’exe´cution du plan ; d’autres points de
reprise interme´diaires n’obligeant pas de tout de´faire peuvent cepen-
dant avoir e´te´ indique´s dans le plan.
Il est certain que la de´cision, passerelle par passerelle en fonction de l’e´tat
re´el dans lequel elle se trouve a` pre´sent, est a` prendre ide´alement par le com-
manditaire (en fonction de state´gies [59]). En effet, c’est celui qui a calcule´
le plan qui a tous les e´le´ments en main pour savoir comment respecter la
cohe´rence du parc. Mais pour ce faire, il faut proposer a` l’administrateur qui
est l’exe´cuteur du plan, un certain nombre d’outils pour qu’il puisse controˆler
finement l’exe´cution d’un plan et appliquer les strate´gies demande´es. En par-
ticulier, un de ces outils consiste a` pouvoir de´faire les actions que l’exe´cution
d’un plan aurait re´alise´e, sur une passerelle, ou un groupe de passerelles. On
est pourtant bien conscient que de´faire tous les effets de bord que pourrait
avoir eue l’exe´cution d’un plan peut eˆtre parfois impossible. Par exemple, si
le plan a engendre´ l’installation de bundles ou activation de services, ceux-ci
ont pu avoir des effets de bord, en influant l’exe´cution d’autres services de´ja`
sur site, peut-eˆtre hors de la porte´e imme´diate du plan. Ceci dit, dans une
architecture a` services dynamiques, ce n’est normalement pas un proble`me,
puisqu’il est convenu que les services peuvent apparaitre et disparaitre dy-
namiquement [21].
Transactions concurrentes Les proprie´te´s transactionnelles que l’on ren-
contre classiquement dans le domaine des bases de donne´es, que sont atomi-
cite´, cohe´rence, isolation et durabilite´ ne sont pas vraiment celles requises
[54], ou plutoˆt n’ont pas force´ment la meˆme interpre´tation. En particulier,
on peut vraiment se poser la question de savoir si plus d’un plan est auto-
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rise´ a` s’exe´cuter a` la fois. En effet, le calcul du plan de de´ploiement global
part d’une vision globale a` un instant donne´, et en de´duit le diffe´rentiel
pour atteindre un nouvel e´tat global du parc. L’entrelacement de l’exe´cution
de plusieurs plans, associe´ a` la possibilite´ d’annuler l’exe´cution de ces plans
pose des proble`mes de correction (ou cohe´rence) puisque l’isolation est impos-
sible a` assurer. L’exe´cution d’une action du plan de de´ploiement a un effet
imme´diat sur la passerelle, et ge´ne`re ainsi des effets de bord sur son e´tat,
visibles aussi bien des applications de´ja` en place que de celles qui seraient
de´ploye´es de manie`re concurrente.
Malgre´ les proble`mes de cohe´rence potentiellement engendre´s,
nous pensons qu’il est pourtant important de re´fle´chir a` des solu-
tions pour autoriser l’exe´cution concurrente de plans de de´ploiement.
En effet, nous pensons que le mode`le de passerelles a` services ou-
vertes suppose leur approvisionnement, ”re-approvisionnement”,
voire ”desapprovisionnement” quasi constant en services, ceux-ci
issus de diffe´rents fournisseurs.
De fait, ces fournisseurs ne se connaissent pas force´ment et donc, ne se co-
ordonnent pas force´ment a` l’avance avant de calculer et lancer un plan de
de´ploiement global. Ainsi, nous posons comme condition que le calcul d’un
plan de de´ploiement ne doit eˆtre possible qu’a` partir d’un e´tat global stable
du parc. Ceci implique que pour calculer un tel plan, on doit attendre la
terminaison de toutes les ope´rations de de´ploiement en cours sur le parc. Par
contre, en partant d’un tel e´tat global stable, nous autorisons le calcul et
l’exe´cution du de´ploiement de plus d’une application, c’est-a`-dire, la prise en
charge de plus d’un plan global. Ceci permet a` un fournisseur de services
de planifier et exe´cuter le de´ploiement de plus d’une application une fois
qu’il a la main sur le parc. Une motivation a` cela est que l’exe´cution d’un
de´ploiement global sur un parc de grande taille prend du temps. Si un four-
nisseur veut installer plus d’une application, ou service, sur ce parc, on peut
espe´rer un gain en temps si ces installations peuvent s’exe´cuter de manie`re
concurrente.
Nous posons comme objectif la de´finition d’un me´canisme d’exe´cution
de plan de de´ploiement global, qui soit paralle`le (parce que ciblant
un parc de machines de grande taille) et qui autorise sur un parc
donne´ l’exe´cution concurrente de plus d’un plan de de´ploiement
global a` la fois.
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Ce me´canisme pourrait utilement eˆtre inte´gre´ a` des outils tels l’exe´cuteur de
plan de de´ploiement de ORYA [59], ou le Plan Manager de´fini dans [47].
Dans le contexte de l’exe´cution concurrente de plans de de´ploiement glo-
baux (chacun constitue´ d’un ensemble de plans de de´ploiement unitaires ci-
blant les passerelles du parc concerne´es), nous pre´cisons a` pre´sent la se´mantique
des proprie´te´s transactionnelles ACID, et de´crivons comment la solution que
nous avons de´finie et implante´e permet de respecter cette se´mantique.
Atomicite´
La proprie´te´ d’atomicite´ ne´cessite de savoir pre´cise´ment quelles sont les
actions requises permettant a` chaque passerelle de repasser dans l’e´tat ini-
tial qu’elle avait avant le de´but de l’exe´cution de la transaction (ou un e´tat
interme´diaire servant de point de reprise). Pour ceci, nous proposons que
la description de chaque action de´finisse une ope´ration do(), et son inverse
undo() (typiquement, installer un bundle a comme inverse sa de´sinstallation).
A chaque plan qui s’exe´cute sur une passerelle donne´e, on associe, localement
sur la passerelle, un log des actions demande´es. On pre´cise pour chacune
si l’ope´ration do() s’est faite. Ainsi, annuler, de´faire, l’exe´cution d’un plan
unitaire donne´ peut eˆtre re´alise´ sur chaque passerelle : cela consiste tout
simplement a` suivre le log, et a` exe´cuter une ope´ration undo() pour chaque
ope´ration do() indique´e.
Pre´cisons qu’en plus de cela, chaque ope´ration ayant un effet sur l’e´tat
d’une passerelle se traduit par l’occurence d’un e´ve´nement OSGi, remonte´
par une notification JMX vers l’outil d’administration. Ainsi, faire ou de´faire
l’exe´cution d’un plan unitaire donne´ qui a eu pour effet de modifier l’e´tat
de la passerelle OSGi associe´e peut en dernier recours eˆtre pilote´ depuis
l’outil d’administration. Il est ainsi possible de se baser sur l’hypothe`se que
des e´tats globaux du parc existent en base de donne´es, et que par rapport
au dernier e´tat global connu, le nouvel e´tat global est l’incre´ment tel que
perc¸u via l’ensemble des notifications rec¸ues qui refle´tent les changements
d’e´tats ayant eu lieu sur chaque e´le´ment du parc. Bien suˆr, il se pose la
question de l’e´ventuelle perte ou de´lai d’acheminement de ces notifications
en cas de de´connexion temporaire. Au contraire, un me´canisme local a` chaque
passerelle est plus fiable pour savoir exactement quels changements d’e´tat ont
bien eu lieu. Mais, les deux me´canismes peuvent utilement eˆtre combine´s.
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Cohe´rence
La proprie´te´ de cohe´rence signifie dans ce contexte [54], que les applica-
tions (ou services) qui fonctionnaient correctement avant l’exe´cution du plan,
continuent a` le faire de la meˆme manie`re ; et de meˆme, que l’application ins-
talle´e fonctionne correctement. Assurer ces deux points rele`ve de la phase
du calcul du plan : effectivement, les choix d’installation et d’activation de
briques logicielles constituant une application (ou un ensemble de nouvelles
applications) doivent prendre en compte les contraintes, besoins, pre-requis
qu’auraient d’autres applications de´ja` sur site (ou faisant partie du meˆme
ensemble). Par ailleurs, le calcul du de´ploiement d’une application donne´e
peut pre´ciser des contraintes a` respecter pour avoir un comportement juge´
correct de l’application. En conse´quence, on peut aussi en de´duire les condi-
tions d’annulation comple`te ou partielle de l’exe´cution du plan, de sorte a`
maintenir l’application dans un e´tat juge´ acceptable pour son bon fonction-
nement. En particulier, certaines applications peuvent eˆtre constitue´es de
modules dits obligatoires, et d’autres optionnels. L’e´chec de l’exe´cution du
plan concernant le de´ploiement de modules optionnels n’est peut-eˆtre pas
critique pour un fonctionnement correct de l’application.
Isolation
L’isolation est probablement la proprie´te´ la plus difficile, voire celle impos-
sible a` assurer dans le cadre du de´ploiement. En effet, une fois des bundle(s)
installe´(s) et le(s) service(s) correspondant active´(s), les effets sur d’autres
services pre´sents mais pourtant non concerne´s par le plan sont imme´diats
meˆme si la transaction n’est pas encore valide´e, et donc impossibles a` annu-
ler (par exemple, permet la poursuite de l’exe´cution d’un service qui jusqu’a`
pre´sent e´tait bloque´).
L’isolation est e´galement difficile a` assurer si on conside`re l’exe´cution
concurrente de deux ou plusieurs plans : l’exe´cution de n’importe lequel des
plans peut avoir des effets de bord sur l’exe´cution de l’autre. Un cas simple
mais suffisamment illustratif est le suivant : supposons que chacun des 2 plans
exprime le besoin d’avoir un bundle donne´ (et similaire) installe´ sur une pas-
serelle donne´e. Comme ce bundle n’e´tait pas pre´sent lors du calcul du plan,
l’action d’installation est inscrite dans chacun des plans unitaires correspon-
dants. Selon l’entrelacement de leur exe´cution sur la passerelle, le bundle en
question sera de´ja` pre´sent du point de vue du de´roulement de l’exe´cution
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d’un des 2 plans. Le seul moyen simple d’isolation serait de verouiller l’acce`s
a` la passerelle de`s qu’elle commence a` exe´cuter un plan de de´ploiement, mais
cela impliquerait la se´rialisation de l’exe´cution de plusieurs plans, et non la
concurrence de ces exe´cutions !
Si l’on veut e´viter un tel verrouillage et autoriser l’exe´cution concurrente
de plans de de´ploiement (a` condition bien suˆr que ceux-ci soient compatibles),
on propose un me´canisme qui nous semble simple et pourtant efficace. Dans
le log de l’exe´cution de chaque plan de de´ploiement unitaire, nous proposons
de conserver toutes les actions de ce plan, en distinguant celles qui ont ef-
fectivement e´te´ faites (il leur correspond des ope´rations do()), de celles qu’il
n’a pas e´te´ ne´cessaire de faire, car elles avaient de´ja` e´te´ faites concurrement
par l’exe´cution d’autres plans. Ces autres actions sont regroupe´es dans ce
que nous appelons un plan de compensation. Ce plan compensatoire est dy-
namiquement construit et associe´ a` chaque log. Nous proposons d’associer
a` l’annulation d’une transaction et donc a` l’annulation de l’exe´cution du
plan unitaire associe´ sur une passerelle donne´e, l’exe´cution des plans de com-
pensation correspondants aux transactions qui ont e´te´ concurrentes a` celle
en cours d’annulation, sur cette meˆme passerelle. Nous fournissons donc un
me´canisme qui automatiquement sur annulation d’une transaction, est ca-
pable d’orchestrer l’exe´cution des plans compensatoires ne´cessaires sur cha-
cune des passerelles concerne´es.
Exemple Supposons que le plan unitaire en cours d’annulation (p1) est
celui qui avait installe´ un bundle que d’autres plans unitaires concurrents a`
p1 (p2, p3, . . .) auraient aussi voulu installer. Alors, p2, p3, . . .qui ont besoin
de ce bundle doivent a` pre´sent reprendre leur de´roulement pour tenter de
l’installer. La premie`re installation re´ussie de ce bundle s’inscrit e´videmment
dans le log associe´ au plan qui en est a` l’origine (l’indication associe´e a` cette
action du plan est cette fois-ci l’ope´ration do()). A nouveau, les autres plans
qui tentent aussi d’exe´cuter cette meˆme action vont donc me´moriser le fait
qu’ils ne l’ont pas eux-meˆmes re´alise´e, mais que l’exe´cution d’un autre plan
l’a faite pour eux. Cette action apparait donc dans leurs plans compensatoires
respectifs.
Si on pousse l’ide´e un peu plus loin, on s’aperc¸oit vite que l’exe´cution
de tels plans de compensation est aussi ne´cessaire concernant des transac-
tions avec lesquelles il y a eu concurrence d’exe´cution, meˆme si celles-ci sont
depuis valide´es. En effet, dans une transaction valide´e suite a` la re´ussite de
4.2. ADMINISTRATION DE PLATEFORMES A` SERVICES 77
l’exe´cution du plan global, certaines des actions demande´es n’auront pas eu a`
s’exe´cuter vraiment, puisque re´alise´es par d’autres exe´cutions concurrentes.
Si une de ces exe´cutions concurrentes est finalement annule´e et de´fait donc ce
qu’elle a fait, cela peut avoir e´galement un effet sur une transaction pourtant
de´ja` valide´e.
Nous cherchons donc a` tout prix a` e´viter des annulations en cascade
concernant des transactions concurrentes, d’autant plus si certaines ont de´ja`
e´te´ valide´es. Pour cela, l’ide´e est de conserver trace pour toute exe´cution de
plan unitaire, du plan compensatoire associe´, et ce meˆme apre`s la validation
de la transaction correspondante. Remarquons que la pre´sence de ce plan
compensatoire reste ne´cessaire tout au long de la vie de l’application. Cela
tant qu’il contient encore une liste d’actions suppose´es avoir e´te´ exe´cute´es
selon ce plan, alors qu’en fait elles avaient e´te´ exe´cute´es concurrement selon
d’autres plans. Cependant, ce plan compensatoire est voue´ a` raccourcir et
donc, a` disparaitre avec le temps.
Durabilite´
La proprie´te´ la plus simple a` respecter est par contre celle de la durabilite´
puisque les actions initie´es par le plan ont des effets re´els et donc pe´rennes si
l’exe´cution n’est pas annule´e.
4.2.7 Exe´cution paralle`le de plan de de´ploiement
Un plan de de´ploiement global concerne un ensemble de passerelles. Plus
pre´cise´ment, a` chaque passerelle cible peut correspondre un e´le´ment du plan
global, c’est-a`-dire un plan de de´ploiement unitaire. Rappelons que le de´clen-
chement de l’exe´cution d’un de´ploiement unitaire se fait en invoquant une
me´thode asynchrone sur le Mbean de chaque passerelle avec comme pa-
rame`tre le plan unitaire qu’elle doit exe´cuter. Rappelons aussi que les connec-
teurs JMX-ProActive des passerelles concerne´es peuvent eˆtre regroupe´s dans
un groupe ProActive. Du coup, le de´clenchement et l’exe´cution de ces plans
unitaires est paralle`le en passant par ce groupe.
On peut utiliser le mode scatter (voir [Section 2.2.3, page 171+3, sec-
tion III.A]) concernant les parame`tres d’appel d’une me´thode sur un groupe,
afin de distribuer a` chaque passerelle du groupe le plan unitaire qui lui cor-
respond. Le plan global est donc vu comme un groupe de type scatter. Il est
de´coupe´ selon une relation 1-1 en fonction du groupe de passerelles cible´es.
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Ceci ne´cessite au pre´alable, d’avoir organise´ de manie`re similaire le groupe
de connecteurs et le groupe de plans unitaires. Ceci peut par exemple eˆtre la
premie`re ope´ration a` effectuer dans l’outil qui se charge de l’exe´cution d’un
plan de de´ploiement.
Un cas particulier plus simple, est celui ou` le plan global contient un seul
plan unitaire. Ce plan unitaire est le meˆme pour chaque passerelle cible´e. Il
suffit alors de conside´rer le plan global comme un parame`tre d’invocation de
me´thode, de type broadcast (qui est le type par de´faut).
Si le parc cible´ par le plan global est tre`s grand, le point (l’outil d’ad-
ministration) depuis lequel se de´clenche son exe´cution risque de constituer
un goulot d’e´tranglement. Dans ce cas, nous avons deux possibilite´s : nous
pouvons cre´er des groupes hie´rarchiques de groupes de connecteurs ; nous
pouvons aussi cre´er des sortes de copies miroirs de l’objet actif associe´ a`
l’outil d’administration qui pilote l’exe´cution du plan global. Chaque mi-
roir a en charge un sous-groupe de passerelles. Le nombre de tels miroirs a`
cre´er, e´ventuellement dynamiquement, de´pend du degre´ de paralle´lisme et de
re´partition vise´. Il peut eˆtre le re´sultat d’un partage e´quilibre´ du nombre de
passerelles cible´es. Mais, il peut aussi tenir compte de contraintes lie´es a` l’or-
ganisation ou aux performances des re´seaux implique´s. Quand le de´coupage
du groupe de passerelles est effectue´, il faut aussi re´aliser la re´organisation
du plan global en groupes de groupes. Ce qui est encore du ressort de l’outil
d’exe´cution du plan, et non de l’outil de calcul du plan.
Des travaux restent a` mener en ce qui concerne l’e´valuation des gains
effectifs en terme de performance d’un de´ploiement global lorsqu’on applique
de telles paralle´lisations ; de meˆme, lorsque on exe´cute concurrement plusieurs
de´ploiements globaux.
4.3 Conclusion
Nous avons illustre´ comment un paradigme de programmation a` objets
mobiles, paralle`les pouvait trouver son application dans un tout autre do-
maine que le calcul paralle`le haute performance : dans le domaine de l’admi-
nistration d’infrastructures mate´rielles ou logicielles, elles-meˆmes largement
re´parties et de grande taille. Nous pensons vraiment que l’utilisation d’outils
inspire´s ainsi de concepts issus du paralle´lisme et de la re´partition se justi-
fiera de plus en plus, du fait de l’omnipre´sence que prend l’informatique, et
en particulier l’informatique communicante et mobile. De tels outils sont tout
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particulie`rement ne´cessaires pour l’approvisionnement et le suivi d’applicatifs
(ou services) sur de tels supports.
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Chapitre 5
Conclusion - Perspectives
Le bilan des travaux de´ja` re´alise´s et des re´sultats obtenus permet d’envi-
sager de poursuivre les recherches selon 4 axes comple´mentaires. L’objectif
reste la maitrise de plateformes re´parties a` large e´chelle, incluant e´videmment
les grilles de calcul : que ce soit du point de vue de la programmation d’ap-
plications pouvant tirer avantage de telles infrastructures, comme de celui
de leur mise en œuvre effective (de´ploiement, portabilite´, supervision). Les
recherches pour atteindre cet objectif pourraient s’articuler ainsi :
1. Programmation paralle`le oriente´e objet
2. Composants re´partis et paralle`les
3. Interope´rabilite´ des intergiciels de grille
4. De´ploiement et supervision
L’ensemble devrait pouvoir contribuer a` la re´alisation d’un ambitieux projet
collectif : celui de la de´finition d’un mode`le de composants pour la grille Grid
Component Model (GCM) entrepris par le consortium CoreGRID [R16].
5.1 Programmation paralle`le oriente´e objet
5.1.1 Mode`le OO-SPMD
Comme expose´ dans le chapitre 3, nous avons propose´ un paradigme de
programmation paralle`le SPMD (Single Program Multiple Data), original
dans le sens ou` il se fonde sur des groupes type´s d’objets repre´sentant les
activite´s paralle`les. Il est a` comparer avec d’autres plus classiques, tels ceux
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fonde´s sur l’e´change explicite de messages entre processus impe´ratifs, comme
proˆne´ dans la norme MPI (Message Passing Interface). Notre paradigme offre
a priori plus de souplesse, de flexibilite´ pour le programmeur (de par le fait
que l’ordre de traitement des messages est plus parame´trable ; de par le fait
qu’il permet de re´utiliser du code, et en meˆme temps de l’e´tendre pour le
traitement de nouveaux types de messages). Il serait ne´cessaire de poursuivre
des expe´rimentations concernant les qualite´s escompte´es de ce mode`le, ce sur
des applications d’envergure re´aliste, du type de ce qui a de´je` e´te´ entrepris,
en collaboration avec l’e´quipe CAIMAN de l’INRIA concernant un code de
simulation d’ondes e´lectromagne´tiques [C13]).
5.1.2 Gestion des de´faillances au niveau applicatif
Ce me´canisme de groupes d’objets type´s permet aussi de construire des
groupes d’activite´s hie´rarchiques (et ainsi de structurer l’application de manie`re
a` mieux s’adapter a` la topologie de l’architecture la plus courante pour des
grilles de machines, qui est multi-grappes). Ce me´canisme de groupes de-
vrait permettre de programmer des strate´gies, e´ventuelllement sophistique´es,
de gestion de de´faillances d’activite´s qui sont courantes dans des environne-
ments a` tre`s grande e´chelle. Nous cherchons a` illuster ce potentiel dans le
cadre d’une re´cente collaboration entre mathe´maticiens et informaticiens, en
l’occurence l’e´quipe OMEGA de l’INRIA et Supelec. Il s’agit de concevoir
une infrastructure logicielle, tirant profit de la formidable puissance de cal-
cul offerte par les grilles, afin de fixer, de manie`re rapide et statistiquement
bonne, le prix de produits de´rive´s dans le domaine de la finance ou de l’as-
surance (dans notre cas, options d’achat ou de vente, de type europe´en ou
ame´ricain, fonde´es sur des paniers d’actifs – par exemple actions – sous-
jacents, incluant ou non des variations de type barrie`re, . . .) [C21]. Pour le
moment, l’architecture logicielle propose´e se fonde sur l’usage de groupes
d’objets ProActive, suivant un pattern maitre(s) / esclaves (voir figure 5.1).
Les strate´gies de re´partition du travail et de la gestion des de´faillances sont
par contre explicites et relativement me´lange´es au sein du code fonctionnel.
Une perspective est d’e´tudier une alternative a` la re´solution de ce type de
proble`mes par une approche objets. Il s’agit d’adopter une approche de type
squelette, donc parame´trable, baˆtie autour de composants Fractal-ProActive
ou GCM comme sugge´re´ dans [B3], [14], . . .Les squelettes seraient baˆtis
comme des assemblages de composants ge´ne´riques. La fonction de gestion
des de´faillances ou celle de re´partition de travail devrait ainsi pouvoir eˆtre
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support d’applications de type maitre-esclave - Utilisation dans le cas de
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conc¸ue comme un controˆleur au niveau du composite qui repre´sente le sque-
lette. Cela permettrait de mieux se´parer le code applicatif de celui lie´ a` la
gestion de proble´matiques de niveau non-fonctionnel.
5.2 Composants re´partis et paralle`les
Cet axe constitue la poursuite des travaux qui e´tudient l’ade´quation d’une
approche par composants logiciels dans la fourniture d’applications re´parties
et paralle`les, comme expose´ dans le Chapitre 3, section 3.3.
Nous pensons qu’il est important de poursuivre l’e´tude des proble´matiques
spe´cifiques lie´es au contexte d’exe´cution sur des grilles de calcul, et qui en
fait de´passent souvent ce contexte.
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5.2.1 Raccourcis dynamiques et Reconfiguration
Pour palier a` la latence importante dans les communications, nous avons
vu qu’il est ne´cessaire de pre´voir des modes de communication asynchrones,
et optimise´s, par introduction dynamique de raccourcis court-circuitant les
membranes des composites. Une e´tude plus pousse´e, entame´e par Ludovic
Henrio, se justifie afin de proposer un protocole de reconfiguration correct en
pre´sence de telles optimisations. Il est ne´cessaire de stopper un composant
pour le reconfigurer. Mais un composant composite e´tant re´parti, il est de´licat
de stopper de manie`re atomique toute son activite´, qui inclut des re´ceptions
de messages via les raccourcis existants. Du coup, il ne semble pas e´vident
de pouvoir conserver intact l’ordre des messages traite´s par un composite
en pre´sence de reconfiguration. Autrement dit, il faut parvenir a` de´finir un
protocole qui assure le meˆme ordre de traitement de l’ensemble des messages
que l’on utilise ou non l’optimisation.
5.2.2 Mode`le OO-SPMD et composants hie´rarchiques
paralle`les
Les composants regroupant des activite´s paralle`les devraient pouvoir pro-
fiter d’optimisations dans l’invocation de services offerts et requis, graˆce aux
interfaces de type multicast ou gathercast. Des travaux inspire´s des solutions
connues pour le MxN restent ne´cessaires. Ils permettront de combiner les 2
types d’interfaces afin d’exprimer et re´aliser plus efficacement le couplage de
2 composants paralle`les hie´rarchiques comprenant des nombres quelconques
de re´plicas.
La collaboration avec des nume´riciens et d’autres informaticiens, dans le
cadre du projet DiscoGRID de l’ANR s’est donne´ l’objectif suivant : investi-
guer l’approche par composants hie´rarchiques pour tirer partie de l’organisa-
tion physique des grilles, habituellement multi-clusters de PCs, eux-meˆmes
multi-processeurs. L’utilisation combine´e de groupes d’objets actifs organise´s
selon le mode`le OO-SPMD, et de composants contenus dans un composant
hie´rarchique paralle`le pourrait permettre d’atteindre cet objectif. En effet,
le compostant hie´rarchique paralle`le servirait a` structurer et traiter les com-
munications inter-clusters engendre´es par les codes paralle`les patrimoniaux,
chacun d’eux s’exe´cutant uniquement au sein d’un meˆme cluster. Un code
paralle`le serait emballe´ graˆce a` composant primitif base´ sur un objet ac-
tif, ce composant constituant un des composants ge´re´s par le composant
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paralle`le hie´rarchique englobant. Les interactions entre ces codes paralle`les
nume´riques sont riches : typiquement, elles suivent les sche´mas d’interaction
globale usuels 1-N, N-1, N-N. Il semble alors naturel d’essayer d’appliquer
l’approche OO-SPMD aux objets actifs emballant les codes MPI, pour faci-
liter le support de tels sche´mas globaux.
5.2.3 Comportements autonomes
Un des sujets de recherche les plus actifs actuellement tourne autour
de la proble´matique des comportements autonomes, face a` toutes sortes de
situations : face aux pannes (self-healing, self-repairing), a` la de´gradation des
performances (self-optimizing), aux risques d’attaques (self-securing), aux
besoins de supervision, d’administration et de configuration sans intervention
humaine (self-monitoring, self-configuring, etc), . . ..
Ce besoin de´passe bien largement les fe´de´rations de ressources de cal-
cul telles les grilles, et s’exprime aussi dans le domaine du pair-a`-pair au
sens large, dans le domaine des serveurs d’applications re´plique´s sur clus-
ters (auquel notre participation a` l’ARC INRIA AutoMan nous sensibilise),
de´localise´s en partie sur des serveurs dits Edge servers place´s par les ISPs
aux frontie`res de l’Internet au plus pre`s des usagers [27], ou encore pour
les re´seaux de communication locaux mobiles. Notre participation au pro-
jet europe´en Bionets nous permet d’eˆtre sensibilise´s a` une de´marche auto-
organisationnelle inspire´e par exemple des processus biologiques ou biochi-
miques, des comportements collectifs que l’on peut observer chez les insectes
sociaux, . . .. L’objectif du projet est de tenter d’appliquer ces processus a`
l’auto-organisation des re´seaux mobiles en mode ad-hoc.
Une approche par composants logiciels devrait bien se preˆter a` la prise
en compte de telles proprie´te´s d’autonomie (self-* properties), du fait d’une
se´paration assez nette entre aspects fonctionnels et non fonctionnels. Par
ailleurs, les comportements autonomes qui doivent piloter les parties fonc-
tionnelles ou non fonctionnelles des composants peuvent eˆtre complexes : ils
peuvent avoir un impact sur le cycle de vie, les liaisons entre composants ;
ils peuvent reque´rir l’acquisition d’informations re´sultant de l’observation du
contexte d’exe´cution, et il se peut qu’eux-meˆmes e´voluent.
Une possibilite´ pour avoir un syste`me global de composants qui soit auto-
nome consiste a` proce´der a` l’introspection de ce syste`me. Lorsque le syste`me
de composants re´sulte d’une description des assemblages de composants,
stocke´e dans un fichier ADL (Architecture Description Language), cet ADL
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et les ope´rations d’introspection peuvent se comple´menter. Le but est de
cre´er une image miroir du syste`me de composants [22]. En cas de proble`me,
cette image permet de piloter la re´paration, la re´organisation, ou l’e´volution
de l’assemblage des composants, guide´es par des strate´gies pre´de´finies. C’est
par exemple ce que permet le syste`me Jade [13] pour l’auto-administration de
serveurs J2EE re´plique´s (chaque duplica est emballe´ d’une fac¸on sommaire
dans un primitif Fractal ; l’image miroir du syste`me est structure´e comme
un syste`me composite Fractal et utilise´e par le composant ’cerveau’ qui or-
chestre les reconfigurations ne´cessaires pour re´parer ou optimiser le syste`me
supervise´).
Nous nous plac¸ons dans un cadre plus exigeant, ou` le degre´ de
de´centralisation est total. On ne veut faire absolument aucune
hypothe`se quant a` l’existence d’un oracle qui en quelque sorte
piloterait la re´alisation des comportements autonomes. Il nous
faut donc une solution par laquelle les comportements autonomes
qui doivent piloter les composants se trouvent embarque´s dans les
composants eux-meˆmes.
Ces comportements autonomes rele`vent essentiellement des aspects non
fonctionnels, donc dans le cas de Fractal, ils devraient pouvoir eˆtre pre´sents
dans la membrane des composants. Des travaux autour de Fractal, base´s
sur l’ide´e d’utiliser des composants pour programmer la membrane ont de´ja`
de´bute´ [71, 58, 26]. Nous proposons d’aller plus loin encore dans cette de´mar-
che, en permettant d’embarquer un syste`me a` composants Fractal tout a` fait
standard dans la membrane de chaque composant Fractal baˆti sur ProActive
[R16,R17,W22]. De fait, cette membrane peut aussi bien offrir ou reque´rir
des services. Un composant e´quipe´ d’une telle membrane doit donc offrir des
interfaces non fonctionnelles qui soient de ve´ritables interfaces de type serveur
ou client, potentiellement collectives, soit multicast ou gathercast. En effet,
une prise de de´cision relevant de l’autonomie d’un composant hie´rarchique
peut ne´cessiter la participation coordonne´e des composants contenus dans
cette hie´rarchie [6]. Eux-meˆmes ont une membrane constitue´e d’un syste`me
a` composants, et offrent ainsi des interfaces auxquelles se relier. Par ailleurs,
une membrane doit pouvoir eˆtre hie´rarchique, facilitant ainsi la maitrise de
sa complexite´ potentielle, et de ses reconfigurations.
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5.3 Interope´rabilite´ des intergiciels de grille
Le concept d’une grille de calcul plane´taire, telle que l’est l’Internet dans
le cas d’un re´seau de communication, n’est pas encore une re´alite´. Pourtant,
c’est ce qui constitue le point de mire : pouvoir utiliser de la puissance de
calcul en se branchant tout simplement sur la grille, sans se soucier d’ou` cette
puissance provient. Meˆme si les grilles de´ploye´es aujourd’hui sont de plus en
plus de type inter-continental, elles sont utilisables en se pliant a` des modes
d’acce`s qui ne sont en ge´ne´ral pas compatibles les uns avec les autres. Or,
construire LA grille requiert un concensus technologique permettant d’inter-
connecter de manie`re transparente les diffe´rentes grilles de´ploye´es, pour que
les applications puissent utiliser indiffe´remment telle ou telle portion de cette
unique grille. L’absence actuelle de concensus est en train de se re´sorber. En
effet, la communaute´ en a pris conscience et fournit des efforts en matie`re de
standardisation des me´canismes d’acce`s aux ressources des diffe´rents types
de grilles.
L’inte´reˆt que nous portons a` cette the´matique concerne tout d’abord
la manie`re de rendre inter-ope´rables des environnements d’exe´cution sur
diffe´rentes grilles, afin de fournir une solution de portabilite´ pour les ap-
plications qui voudraient s’exe´cuter sur n’importe quelle grille, voire n’im-
porte quelle combinaison he´te´roge`ne de grilles. Pour alimenter ces travaux,
les collaborations e´tablies entre l’e´quipe et l’European Telecommunication
Standard Institute (ETSI) sont pre´cieuses [W14, W20] : elles ont pour ob-
jectif de contribuer a` la re´flexion et l’e´tablissement de standards dans ce
domaine. Les standards sur lesquels un organisme comme l’ETSI se penche
habituellement rele`vent plus des aspects protocolaires de niveau re´seau, utiles
aussi pour l’e´mergence de grilles, que d’aspects programmation haut niveau.
Nous pensons que des mode`les de programmation de tels syste`mes, comme
une approche par composants, peuvent largement be´ne´ficier de l’existence de
standards visant les couches interme´diaires [W14,W20] (par exemple, publi-
cation et de´couverte de ressources ou de services techniques, de´ploiement des
services sur ces ressources en s’inspirant des techniques issues de de´ploiement
de composants [70]). Il n’empeˆche que certains points relevant de program-
mation re´partie sur ce type de support me´ritent concensus et standardisa-
tion : composition hie´rarchique, controˆle autonomique, services paralle`les,
etc, pourraient eˆtre de tels candidats. C’est donc e´galement vers ce deuxie`me
type de pre´occupations qu’il nous semble utile d’agir, sachant que les indus-
triels s’y investissent de´ja` beaucoup (voir par exemple les re´centes proposi-
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tions autour de SCA [11]).
De tels efforts de standardisation passent aussi par la mise en place de
tests de conformance des mises en œuvre des spe´cifications de ces standards,
et des tests d’interope´rabilite´ de leurs diffe´rentes imple´mentations [R10, R14].
5.4 De´ploiement et supervision
L’accroissement du degre´ de re´partition, de la taille des parcs de ma-
chines et de services qu’elles he´bergent rendent indispensable l’automatisa-
tion des ope´rations de de´ploiement puis de supervision. Les travaux entrepris
et de´crits dans le Chapitre 4 contribuent a` cette automatisation.
Il pourraient eˆtre e´tendus au de´ploiement de syste`mes a` base de com-
posants. Les infrastructures d’accueil peuvent eˆtre he´te´roge`nes, ne´cessitant
de livrer les composants selon des formats diffe´rents. Une approche de pro-
visionnement ge´ne´rique et automatique pourrait se´lectionner le format de
livraison du composant en fonction du type du middleware d’accueil (par
exemple, JVM standard ou JVM type OSGi, J2SE, J2EE ou J2ME). L’abs-
traction qu’offre les composants devrait permettre de masquer ces niveaux
d’he´te´roge´ne´ite´ meˆme dans le cas de composants re´partis. Ces travaux pour-
raient e´galement eˆtre applique´s a` la supervision de syste`mes a` base de com-
posants. On peut facilement associer aux composants l’expression de leurs
besoins en matie`re de services techniques de l’environnement d’accueil [17]
(service de tole´rance aux pannes, d’acquisition de ressources, . . .). On pour-
rait e´tendre cette liste de besoins avec un service d’administration distante.
Dans notre contexte, ce service serait mis en œuvre graˆce au connecteur
ProActive-JMX.
Les composants peuvent eˆtre expose´s selon la technologie a` services de´sire´e.
Ils pourraient donc eˆtre facilement branche´s sur des bus de services, typique-
ment des ESBs (Enterprise Service Bus). On constate depuis quelque temps
une forte convergence de l’inte´reˆt porte´ au concept de services connecte´s au
bus de l’entreprise [11, 42] et communiquant graˆce a` lui, et de l’inte´reˆt pour
le concept de grille d’entreprise, c’est-a`-dire d’une fe´de´ration dynamique des
ressources physiques au sein du re´seau d’entreprise affecte´es a` une application
(notion de virtualisation de ressource).
Une approche combine´e, ou` :
– les services sont mis en œuvre par des composants re´partis et auto-
nomes, capables d’interagir directement ou via un bus, ce bus lui-meˆme
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re´sultant d’un assemblage de ce type de composants,
– de´ploye´s sur les ressources choisies dynamiquement au sein du re´seau
d’entreprise selon leur disponibilite´ (self-provisioning)
nous semble constituer une bonne base pour supporter ce concept d’Enter-
prise Grid [43, 2].
Le de´marrage d’une collaboration (projet AGOS : Architecture Grille
Oriente´e Services) avec quelques uns des acteurs industriels dans ce domaine
(Oracle, HP) devrait nous permettre de valider cette approche. Les re´sultats
des collaborations initie´es par le biais du projet RNRT PISE, du projet ITEA
S4ALL (Services for All) et de l’ARC INRIA AutoMan devraient e´galement
y contribuer.
Finalement, la vision est celle d’une convergence forte entre les fe´de´rations
de machines organise´es en grille, et les fe´de´rations de services re´partis exe´cute´s
sur ces machines. C’est celle d’une grille de services comple`tement globalise´s
dont la localisation importe peu : seule la qualite´ du service rendu est impor-
tante. L’ensemble des efforts de recherche mene´s dans la communaute´ peut
contribuer a` ce que cette qualite´ soit garantie. Cela passe par des outils per-
formants permettant de configurer, de´ployer et administrer ces services ainsi
que leur support [4, 29]. Cela passe aussi par des travaux autour de la gestion
de l’autonomie.
Notre recherche et nos outils ont donc le potentiel de contribuer a` l’e´mer-
gence de nouveaux modes d’usage des grilles informatiques, cette fois-ci dans
le monde de l’entreprise, et non plus uniquement dans le domaine scientifique.
Les concepteurs de middlewares pour l’entreprise ont compris l’enjeu pour y
arriver. Cela passe par la modularisation de leurs suites logicielles (serveurs
d’entreprise : serveurs web, d’applications et de donne´es), pour lesquelles la
combinaison de l’approche par composants et provisionnement de code a` la
demande sur plateformes ouvertes semble ade´quate [3].
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Abstract. The C++// language (pronounced C++ parallel) was designed and implemented with the
aim of importing reusability into parallel and concurrent programming, in the framework of a mimd
model. From a reduced set of rather simple primitives, comprehensive and versatile libraries are defined.
In the absence of any syntactical extension, the C++// user writes standard C++ code. The libraries
are themselves extensible by the final users, making C++// an open system. Two specific techniques
to improve performances of a distributed object language such as C++// are then presented: Shared-
on-Read and Overlapping of Communication and Computation. The appliance of those techniques is
guided by the programmer at a very high-level of abstraction, so the additional work to yield those
good performance improvements is kept to the minimum.
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1. Introduction
Reusability has been one of the major contributions of object-oriented programming; bringing it to parallel
programming is one of our main goals, and a major step forward for software engineering of parallel systems.
Part of the challenge is to combine the potential for extensive reuse with the high performance which is usually
required of parallel and real-time systems.
Working mainly within the framework of physically distributed architectures, we are concerned with both
explicit and implicit parallelism in both the problem and solution domains. Our applications include parallel
data structures, computer-supported cooperative work (CSCW), and fault-tolerance and reliability in safety-
critical and real-time systems.
To achieve this end, we began design and implementation of C++// early in 1994, and we are pursuing now
this research in the context of the Java language, with the definition of a library called ProActive PDC [18]. The
C++// language benefited from previous research done on the Eiffel// language [12, 15]. Important ideas and
techniques from that work have reappeared in the definition of a reduced set of simple primitives that are then
composed to create comprehensive and versatile libraries, which —most importantly— can then be extended
by end users.
Another important characteristic of our system is the complete absence of any syntactical extension to C++.
C++// users write standard C++ code, relying on specific classes to give programs a parallel semantics. These
Keywords and phrases. Concurrency, data-driven synchronization, dynamic binding, inheritance, object-oriented concurrent
programming, polymorphism, reusability, software development method, wait-by-necessity, overlap, object sharing.
1 OASIS, Joint Project CNRS, INRIA, University of Nice Sophia Antipolis, 2004 route des Lucioles,
BP 93, 06902 Valbonne Cedex, France. e-mail: Denis.Caromel@sophia.inria.fr
c© EDP Sciences, SMAI 2002
838 F. BAUDE ET AL.
programs are then passed through a pre-processor, which generates new files. The original and new code is then
compiled and linked with a standard C++ compiler. When appropriate, all names related to the C++// system
include the ll root in their name (for “parallel”). During the presentation of our system, we will conform to
the following symbols when introducing:
a model principle or rule: ♦ a new syntax, class, or member: 
a file used in our system:  examples: ∇
We hope these conventions ease reading and quick referencing through the paper.
This article begins by describing the basic features of our programming model, which is an MIMD model
without shared memory. Section 3 deals with the control programming of processes, i.e. the definition of con-
current process activity. A recommended method for parallel programming in C++// is outlined in Section 4.1.
Those parts of the programming environment which handle compilation and mapping are described in Sec-
tion 4.2, and an overview of the implementation techniques which make the system open and user-extensible
is given in Section 4.3. Finally, we present two performance optimizations that to be applied demand some
implication from the user, but at a high-level of abstraction: on one side, sharing objects among processes in
case they are in the same address space, on the other side, overlapping communication with computation in the
framework of remote method calls. This paper ends up with conluding remarks in Section 7.
2. Basic model of concurrency
This section describes four important characteristics of our parallel programming model: parallel processes,
communication between them, synchronization, and data sharing. As described below, we adopt a MIMD model
without shared memory, which means that there are no directly-shared objects in our system.
Along with simplicity and expressiveness, reusability is one of our major concerns. More specifically, we want
to allow users to take an existing C++ system and transform it into a distributed one, so that they may derive
parallel systems from sequential ones [14].
2.1. Processes
One of the key features of the object-oriented paradigm is the unification of the notions of module and type
to create the notion of class. When adding parallelism, another unification is to bring together the concepts of
class and process, so that every process is an instance of a class, and the process’s possible behavior is completely
described by its class.
♦ Model: the process structure is a class; a process is an object executing a prescribed behavior.
However, not all objects are processes. At run-time, we distinguish two kinds of objects: process objects (or
active objects), which are active by themselves, with their own thread of control, and passive objects , which
are normal objects. This second category includes all non-active objects. An example of the arrangement of
processes and objects at run-time is given in Figure 1.
At the language level, there are two ways to generate active objects. In the first, an active object is obtained
by instantiating a standard sequential C++ class using Process alloc:
 Syntax:
A* p; // A is a normal sequential class
p = (A *) new Process_alloc ( typeid (A), ...);
In this case, a standard sequential class A is instantiated to create an active object, which then has a FIFO
synchronization: method invocations are serviced in the order in which they are made. The Process alloc class
is part of the C++// library, while typeid is the standard C++ run-time type identification (RTTI) operator.
We will refer to this technique as the allocation style of process creation, and say that it produces an allocation
process , or allocation active object . The allocation style is convenient, but limited because it only allows us to
create processes with a FIFO behavior.
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Figure 1. Processes and objects at run-time.
The second technique, which we call class-based , is more general:
♦ Model: all objects which are an instance of a class which publicly inherits from the Process class are
processes.
This Process class is part of the C++// library. To use class-based process creation, the programmer must
therefore derive a specific class, called a process class, from Process, as in:
 Syntax:
class Parallel_A : public A, public Process {
· · ·
};
...
Parallel_A* p;
p = new Parallel_A(· · ·);
As with the allocation-based technique, instances of sub-classes of Process have a default FIFO behavior.
However, as we will see in the following sections, it is possible to change this to create other behaviors. We say
that the class-based technique generates class-based processes, or class-based active objects.
As shown in Figure 1, passive objects (i.e., objects which are not active) belong at run-time to a single
process object. This organizes a parallel program into disjoint sub-systems, each of which consists of one active
object encapsulating zero or more passive objects. Figure 2 presents the two styles of active object definition.
2.2. Sequential or parallel processes
A major design decision for any concurrent programming system is whether processes are sequential (i.e.,
single-threaded) or able to support internal concurrency (i.e., multi-threaded). Because our system is oriented
towards reuse and software engineering of parallel systems, rather than operating systems programming, we
made the following choice:
♦ Model: a process is sequential, it is single-threaded.
We believe that single-threaded processes are easier to reuse, and easier to write correctly.
The model does not allow the user to program multi-threaded processes, but this does not prevent multi-
threading at the operating system level. As we will see in Section 4.2, several sequential processes can be
implemented with one multi-threaded operating system process for the sake of light-weightness.
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Figure 2. Allocation and class based active objects.
2.3. Communication
Since a process is an object, it has member functions. When an object owns a reference to a process, it is
able to communicate with it by calling one of its public members. This is C++//’s inter-process communication
(IPC) mechanism:
♦ Model: communications towards active objects appear syntactically programmed as member function
calls.
The syntax of an IPC is unified with a standard call:
 Syntax:
p -> f ( parameters );
This idea, introduced by the Actors model [3,30], means that what is sometimes called a process entry point is
identical to a normal routine or member function.
While this idea is widely used in parallel object-oriented systems, there are many differences in the definition
of the semantics of method-based IPC. In C++//:
♦ Model: communications are asynchronous between processes.
Function calls towards passive objects retain the synchronous semantics of standard C++. This choice encour-
ages parallel execution of objects, and makes each process code more independent and self-contained. As we
will see further, it is also very important for supporting reusability. Synchronous function call is also possible
in C++//, but must be specified explicitly in either the function call or the process definition.
Systematic asynchronous IPC structures a C++// system into independent asynchronous sub-systems: all the
communications between sub-systems are asynchronous. Figure 1 demonstrates five sub-systems.
2.4. Synchronization
Asynchronous communication can be difficult for programmers to manage. For instance, since even function
calls to processes are asynchronous, before using result values one usually needs to explicitly add synchronizations
in order to make sure they have been returned by the processes. Commonly, such models lack synchronization.
We use a simple rule to address this drawback: wait-by-necessity.
DISTRIBUTED OBJECTS FOR PARALLEL NUMERICAL APPLICATIONS 841
♦ Model: a process is automatically blocked when it attempts to use the result of a parallel member function
call that has not yet been returned.
Thus, a caller does not wait for the result of an asynchronous function call until that value is explicitly used
in some computation. Should a value not have been returned at that point, the caller is automatically blocked
until the value becomes available. This mechanism implicitly synchronizes processes; the two primitives Wait
and Awaited are provided for explicit synchronization.
 Syntax:
v = p->f(parameters );
...
v->foo(); // Automatically triggers a wait
// if v is awaited
...
if (Awaited(v)){ // test the status of v
· · ·
}
Wait(v); // explicitly triggers a wait
// if v is awaited
...
obj->g(v); // no wait if pointer access
v2 = v;
Program 1.1. Wait-by-necessity.
Program 1.1 summarizes the semantics of wait-by-necessity. The result of a function call not yet returned is
called an awaited object . Our semantics define that no wait is triggered by assigning a pointer to such an object
to another variable, or by passing such a pointer as a parameter. A wait occurs only when the program accesses
the awaited object itself (which is syntactically a pointer access to the object) or transmits (copies) the object
to another process.
Wait-by-necessity is a form of future [28], and is related to concepts found in several other languages: the
Hurry primitive of Act1 [33], the CBox objects of ConcurrentSmalltalk [42], and the future type message passing
of ABCL/1 [43]. However, an important difference is that the mechanism presented here is systematic and
automatic, which is reflected in the absence of any special syntactic construction. This has a strong impact on
reusability.
In order to avoid the run-time overhead involved in the implementation of wait-by-necessity, it is possible
to avoid implicit synchronization and use the explicit synchronization primitives instead. This is a tradeoff
between programming ease and reusability on one hand, and efficiency and speedup on the other.
2.5. Sharing
If two processes refer to the same object, method calls to that object may overlap, which raises all of the
problems usually associated with shared data. To address this issue, each non-process object in C++// is a
private object, and is accessible to only one process:
♦ Model: there are no shared passive objects.
We say that a private object belongs to its process’s sub-system. The programming model ensures the absence
of sharing:
♦ Model: the semantics of communication between processes is a copy semantics for passive objects.
842 F. BAUDE ET AL.
– A process is an active object, sequential and single-threaded.
– Communications between active objects are syntactically programmed as member function calls,
and are asynchronous.
– Wait-by-necessity: a process is automatically synchronized, i.e. it waits, when it attempts to use
the result of a member function call that has not been returned yet.
– There are no shared passive objects.
– The semantics of communication between processes is a copy semantics for passive objects.
Figure 3. Basic features of the C++// model.
All parameters are automatically transmitted by copy from one process to another. A deep copy of the object
is achieved: when an object o is copied, all the objects referred to by pointers in o are deep copied as well. The
implementation automatically and transparently handles the marshalling of data and pointers implied by this,
as well as circular object structures:
 Syntax:
p -> f ( parameters ); // passive objects are automatically
// passed by copy between processes.
Processes, of course, are always transmitted by reference.
Figure 1 shows how shared objects do not appear in C++// programs. Each passive object is accessible to
exactly one active object; each of the five sub-systems in this program consists of one active object and all the
passive objects it can reach. The arcs labelled (1) and (2) are always activated as asynchronous communication
(IPC), while the arcs labelled (3) to (6) are activated as normal function calls. As a consequence of the absence
of shared objects, synchronization between sub-systems only occurs when one sub-system waits for a result
value from another process.
Prohibiting shared data has also important methodological consequences. The absence of shared objects
allows either an immediate reuse (through the automatic copy), or the identification of new processes to program
in order to implement the shared objects. Finally, due to the absence of interleaving, it helps ensuring correctness
of such parallel applications derived from sequential ones.
As we finished the basic characteristics of the programming model, Figure 3 summarizes them.
The model has some limitations: in order to be able to use polymorphism between standard passive objects
and process objects, all public functions have to be virtual, otherwise, the non-virtual function calls will not
be transformed into IPC. This drawback can be alleviated with C++ compilers providing “all-virtual” option;
here there is a choice between paying the price of all virtual functions, and reusability. Of course, this feature
requires recompiling all files involved, but is probably a small price compared to the reuse that can be obtained.
3. Control programming
So far, we have only examined and defined the features of C++// which deal with the global aspects of the
programming model, such as the nature of processes and their interactions. This section describes how the
control flow of processes is specified, i.e. how behavior, communication, and synchronization of active objects
are programmed.
3.1. Centralized and explicit control
Control can be decentralized, that is, distributed throughout a program or, alternatively, control can be
centralized, i.e. gathered into one place in the definition of a process, independently of the function code.
Decentralized control makes reuse of function code difficult for two reasons. First, functions designed in a
sequential framework cannot be reused in a parallel one just as they are, as elements of control must be added
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to them. Second, when a new process class is obtained through inheritance, the new class often needs to change
the synchronization scheme used in the original class. If control is embedded in function bodies, this may not
be feasible. This leads to the following choice:
♦ Model: processes have a centralized control.
It allows function reuse for both sequential and process classes without changes to the bodies of such classes.
Program 1.2 presents partial code for the library class Process. After creation and initialization, a process
object executes its Live routine. This routine describes the sequence of actions which that process executes
during its lifetime. The process terminates when the Live routine completes.
 Syntax:
class Process {
public:
Process (· · ·){ // process creation
...
}
virtual void Live(){ // process body
... // default FIFO behavior
}
...
};
Program 1.2. The Process class.
Another design decision that must be made in concurrent object oriented systems is whether process control
is implicit or explicit. Control is explicit if its definition consists of an explicitly programmed thread of control.
Otherwise, control is implicit, which in practice usually means that it is declarative.
Our argument is that (see [16] for a complete discussion):
1. sometimes programmers need explicit control;
2. implicit control permits reuse of synchronization;
3. no universal implicit control abstraction exists; and
4. explicit control allows us to build implicit control abstractions.
As a consequence, the basic mechanism for programming process behaviors in C++// is:
♦ Model: explicit control.
Explicit control programming consists of defining the Live routine of the Process class and its heirs (Pro-
gram 1.2) using the sequential control structures of C++. All of the expressive power of C++ is available,
without any limitation. For instance, the process body of a bounded buffer can be defined as in Program 1.4.
Besides explicit control, other features are needed in order to construct abstractions for concurrent program-
ming. These features permit C++// to explicitly service requests. First, defining a process’s thread of control
often consists of defining the synchronization of its public member functions. Since such an activity requires
dynamic manipulation of C++ functions, we need:
♦ Model: member functions as first class objects.
In practice, only some limited features, such as the ability to use routines as parameters, and system-wide valid
function identifiers, are needed.
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To fill that need, we provide the function mid() to return function identifiers. Its usage is:
 Syntax:
member_id f;
f = mid(put);
f = mid(A::put);
f = mid(A::put, A::get);
f = mid(A::put(int, P *));
In order to deal with overloading, this function returns either a single identifier, or a representation of all
adequate functions.
In the same way, because we need to explicitly program request servicing, we must be able to manipulate
requests as objects (i.e., to pass them as parameters of other functions, to assign them to variables, and so on).
We require:
♦ Model: requests as first class objects.
In C++//, a particular class ( Request ) models the requests; every request is an instance of this class.
Finally, to be able to fully control request servicing, programmers must have
♦ Model: access to the list of pending requests.
This is given through the Process class, with a specific member named request list that contains the list.
With these three facilities in place, it is possible to program the control of processes in diverse and flexible
ways.
3.2. Library of service routines
Service primitives are needed to allow programmers to program control explicitly. Usually, programmers
are given only a few such primitives, mainly because they are made part of the language itself as syntactical
constructions (e.g., the serve instruction of Ada). With the primitives we define, it is possible to program a
complete library of service routines [13]. Some of these are shown in Program 1.3, where f and g are member
identifiers obtained from the function mid() introduced in the previous section.
 Syntax:
// Non-blocking services
serve_oldest(); // Serve the oldest request of all
serve_oldest(f); // The oldest request on f
serve_oldest(f,g, · · ·); // The oldest of f or g
serve_flush(); // Serve the oldest, wipe out the others
serve_flush(f); // The oldest on f
...
// Timed blocking services: block for a limited time only
tm_serve_oldest(t); // Serve the oldest, wait at most t
tm_serve_oldest(f,t); // The oldest request on f
...
// Waiting primitives
wait_a_request(); // Wait until there is a request to serve
wait_a_request(f); // Wait a request to serve on f
Program 1.3. A library of service routines.
These functions are defined in the class Process, and can be used when programming the Live routine.
There is no limitation in the range of facilities that can be encapsulated in service routines. Timed services
DISTRIBUTED OBJECTS FOR PARALLEL NUMERICAL APPLICATIONS 845
are an example of such expressiveness; selection based on the request parameters is another. Moreover, if a
programmer does not find the particular selection function he needs, he is able to program it. Thus, libraries
of service routines specific to particular programmers or application domains can be defined.
Another important point concerns efficiency: concurrent policies are determined within the context of each
process, based on local information rather than by using IPC, avoiding problems like polling bias [27]. This is
an important advantage in distributed programming.
class Buffer: public Process, public List {
...
protected:
virtual void Live()
{
while (!stop){
if (!full)
serve_oldest ( mid(put) );
if (!empty)
serve_oldest ( mid(get) );
}
}
};
Program 1.4. An explicit bounded buffer example.
As an illustration of the use of explicit control programming, Program 1.4 presents a C++// implementation
of a bounded buffer. This definition implements a specific policy: when the buffer is neither full or empty, the
buffer alternates service on put and get. This policy is clearly not the only possible one.
This is an example of explicitly fine-tuning the synchronization of processes. While this might be very
important in some contexts, we might want to program within a more abstract framework in others, ignoring
the implementation details, through the definition of libraries of abstractions [16].
As we finished the control programming of processes, Figure 4 summarizes the basic features on the C++//
model.
– Processes have a centralized and explicit control
– Member functions and requests are first class objects.
– The list of pending requests is accessible.
– A library of service routines provides for explicit control programming.
– A library of abstractions allows for implicit and declarative control.
Figure 4. Control programming in C++//.
4. Programmation, environment and implementation
4.1. A programming method
Because it is rather difficult to evaluate performances of distributed system before they actually run, we
believe that definition of processes has to be postponed as much as possible, and should be flexible and adaptable.
The programming guide we develop in this section applies this principle, made possible by the features of the
C++// model.
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The first step is a standard, sequential, object-oriented design, possibly including object identification, inter-
face and topology design, and sequential implementation [9, 35]. The next steps deal with parallel design and
are specific to the language and technique we developed.
Processes are a subset of classes. Because object-oriented design usually gives a finer-grained decomposition
than structured design or information hiding methods (because every type is a module, and every module is
a type), there is no need for re-structuring. The classes remaining passive are commonly used without any
changes.
Here is an example of how an entity a declared:
A* a;
get assigned with a process object of type P A (heir of A):
a = new P_A ( · · · );
A function call on a is now executed on an asynchronous basis (the caller does not wait for its completion). This
automatic transformation of synchronous call into asynchronous one is crucial to avoid routine redefinition. An
inherited routine may use the result of a function call issued to the process:
res = a->fct( parameters );
...
res->g( parameters);
In this case, the wait-by-necessity handles the situation. Without this automatic data-driven synchronization
one would have to redefine the current routine in order to add explicit synchronization.
These model properties ensure that most of the inherited routines remain valid for the process class. However,
some special cases need re-programming.
Figure 5 presents the significant steps of the method.
1. Sequential design and programming.
2. Process identification.
3. Process programming:
– Define each process class
(Process or abstraction class).
– Define the activity (Live).
– Use the process classes with polymorphism.
4. Adaptation to constraints:
– Refine the topology.
– Define new Processes.
Figure 5. The 4 steps of the method.
4.2. Environment
This section briefly describes the facilities supporting the development of C++// programs, including the
compilation of source code, executable generation (see Fig. 6), and more specifically a mechanism for mapping
active objects onto machines.
Mapping assigns each active object created during the execution of a C++// program to an operating system
process on an actual machine or processor. In order to avoid confusion, we call the sub-system consisting of
one active and all its passive objects a language process , and use the term OS process for the usual notion of
an operating system process.
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Figure 6. Compilation of a C++// system.
The mapping of a language process to an OS process on a particular processor is controlled by the programmer
through the association of two criteria:
♦ Model:
(1) the machine where the language process is to be created;
(2) the light-weight or heavy-weight nature of the language process.
The machine itself can be specified in two ways. The first method is to specify a virtual machine name, which
is simply a string. This name is related to an actual machine name by a translation file called .c++ll-mapping.
The C++// system looks for this file first in the directory in which the process is running, and, if it is not found
there, in the user’s home directory. An example of such file is:
 File:
FILE .c++ll-mapping
// virtual name actual name
Server Inria.Sophia.fr
S1 wilpena.unice.fr
S2 192.134.39.96
S3 // current machine
P1 I3S-1
...
...
P6 INRIA-1
The other technique used to specify a machine is to use a language process that already exists. In this case, the
new process is created on the machine where that language process is running. With this technique, processes
can be linked together to ensure locality.
The light-weight switch permits creation of several language processes inside a single OS process. In the
heavy-weight case, only one language process is mapped to each OS process. The user accesses these switches
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p2
I3S-1  (Actual Machine ("P1"))
...
p1
p3
OS processMachine (processor)
Legend
Language process (sub-system)
Inria.Sophia.fr (Actual Machine ("Server"))Current machine
Figure 7. Example of mapping.
through a class called Mapping:
 Syntax:
class Mapping {
public:
virtual void on_machine(const String& m); // set a virtual machine name
virtual void with_process(Process* p); // set the machine to be the same as
// for the already existing process p
virtual void set_light(); // set to light-weight process
virtual void set_heavy(); // set to heavy-weight process
};
When a program creates a language process, an object of type Mapping can be passed to new in order to
specify the desired mapping of the new process. Program 1.5 presents the syntax used for this. With the
.c++ll-mapping file taken from above, Program 1.5 produces part of the mapping presented in Figure 7.
∇ Example:
A *p1; // A is a normal sequential class: instantiation style
P_A *p2, *p3; // P_A is a process class: class based style
Mapping *map1, *map2; // mapping objects
...
map1->set_heavy();
map1->on_machine("Server");
p1 = (A *) new (typeid(A), map1) Process_alloc(· · ·);
// p1 on a new OS process,
// on machine with actual name "Server"
map2->set_heavy();
map2->with_process(p1); // p2 on a new heavy-weight process,
p2 = new (map2) P_A(· · ·); // same machine as p1
· · ·
map2->set_light();
p3 = new (map2) P_A(· · ·); // p3 on a light-weight process,
// same machine as p1,
// inside the same OS process as p1
Program 1.5. Mapping processes to machines.
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Figure 8. Reification of calls.
4.3. Implementation
This presentation goes beyond implementation details since the technique we use—reification—also provides
for customization and extension of our system.
4.3.1. A reflection-based system
The C++// system is based on a Meta-Object Protocol (MOP). There are various MOPs [32], for different
languages and systems, with various goals, compilation and run-time costs, and various levels of expressiveness.
MOP techniques have been used in many contexts in particular for parallel and distributed programming [11,
20, 34].
Within our context, we use a reflection mechanism based on reification. Reification is simply the action
of transforming a call issued to an object into an object itself; we say that the call is “reified”. From this
transformation, the call can be manipulated as a first class entity, i.e. stored in a data structure, passed as
parameter, sent to another process, etc.
A meta-object (Fig. 8) captures each call directed towards a normal base-level object; a meta-object is an
instance of a meta-class. In some ways, a proxy, a local object that permits to access a remote one [8, 22, 39],
is a kind of meta-object.
4.3.2. A mop for C++: basic classes
The main principle of our MOP for C++ is embodied in a special class, called Reflect, which presents the
following behavior:
♦ Model: all classes inheriting publicly from Reflect, either directly or indirectly, are called reified classes,
a reified class has reified instances ; all calls issued to a reified object are reified.
This last requirement is important for reusability, as it permits users to take a normal class, and then globally
modify its behavior, to transform it into a process.
Figure 8 illustrates reification. The creation of an instance of a Reflect class returns a meta-object (a proxy)
for the type being passed in as the allocator’s first parameter. From this mechanism, we implement the basic
classes of our programming model described in Section 2.1.
4.3.3. Customization and extension of C++//
The MOP we just presented is independent of any parallel programming model. The classes of the MIMD
model (such as Process) we described in this paper are programmed on top of the MOP, without any compiler
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modification. An important consequence of this is that other parallel programming models, such as shared-
memory MIMD or SPMD, can be defined on top of the MOP. The wait-by-necessity implementation, for instance,
is achieved through a class Future which uses reification by inheriting from Reflect. Such an open system,
or open implementation [32], is extensible by the end-user or by developers of new libraries, and adaptable to
various needs and situations, such as the ones presented in the two following sections.
Notice that this MOP has been adopted as the level 0 of a standard framework for parallel C++ systems,
designed in the context of the EUROPA Parallel C++ working group, formerly funded by the EU [17]. In this
framework, other C++ libraries for parallel computing, such as UC++ (featuring constructs which are variations
of those found in C++//, like active objects, asynchronous communications and futures) were implemented on
top of this MOP. A similar effort in the United States is HPC++, and now, OpenHPC++ [24], which supports
constructs to develop both task as well as data parallel applications in C++. [26] explains how it would be
possible to implement the parallel STL model of HPC++ on top of the MOP adopted within the EUROPA
working group.
They are some other few extensions of C++ for parallel computing [41] that are built upon reification
mechanisms, in particular, onto the meta-object protocols OpenC++ [20] and MPC++ [31].
5. Sharing passive objects among active objects
This section presents a mechanism for sharing objects [19] when two active objects that reside in the same
address space (in the same process) want to access the same passive object in read mode.
5.1. The SharedOnRead framework
A crucial point of the standard C++// model, is where active objects are created. A C++// programmer
has several choices to determine the machine (or node) where a new active object will be created: (1) give the
machine name, (2) provide an existing active object in order to use the same machine. But central to the issue is
that, in both cases, the programmer has two options to create the new active object: (a) in an existing address
space, (b) in a new address space. In case (a), several active objects will be able to share the same address
space — threads belonging to a same heavy-weight process are used to implement active objects. Let us note
that even when active objects in the same address space communicate, passive objects are still transmitted by
copy. This potentially time and space consuming strategy is mandatory if we want the program semantics to
be constant, whatever the mapping is. However, in some cases, sharing is actually possible, and copying large
objects could be avoided. The SharedOnRead mechanism was defined to make possible such optimization, and
to provide a general strategy that keeps the semantics unchanged when the mapping varies.
5.1.1. Strategy
Upon a communication between two subsystems that are within the same address space, instead of copying a
parameter if it is of type SharedOnRead, we just share it; otherwise, there is no alteration of the copy semantics
if the two subsystems are not in the same address space (cf. Fig. 9). The SharedOnRead is dearly related
to the copy-on-write mechanism that can be found in operating system (Mach [37] or Orca [6, 29] are using
it). However, the strategy is slightly different in copy-on-write techniques: one wants to copy only when it is
necessary, instead, with the SharedOnRead mechanism, one wants to share data on read operations whenever
it is possible (i.e. same address space).
While this idea is quite simple, a mechanism is needed in order to maintain the copy semantics of C++//
that should apply everywhere, even when the two subsystems are mapped in the same address space. We can
notice that objects will be able to be shared by several subsystems only as long as they are not modified by one
of the subsystems. In order to be accurate, the strategy needs to make a distinction between read and write
accesses, and also needs to know when a subsystem forgets a SharedOnRead object (the subsystem suppresses
its reference to this object).
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Figure 9. SharedOnRead objects within several address spaces.
The requirements at the design level are the following:
♦ Model:
(1) When a SharedOnRead object is used as a communication parameter between two subsystems being
in the same address space, the original object is not copied, but instead a new reference is memorized (a
counter is incremented within that object).
(2) A read access is freely achieved (from both the owner’s subsystem or another one).
(3) Upon a write access (from both the owner’s subsystem or another one), if the counter value is more
than 1, a copy of the object is made. The modification applies to the copy. The counter of the previously
existing object is decremented; the counter of the copy is set to 1.
(4) Upon a forget operation, the counter is just decremented. When reaching zero, the object is automat-
ically garbaged.
5.1.2. Programmer interface and implementation
As a design decision, we choose to give users the control over which objects should be SharedOnRead and
which should have the standard systematic copy behavior.
♦ Model: A SharedOnRead object is an instance of a class that inherits directly or indirectly from the
C++// SharedOnRead class.
The SharedOnRead class is:
 Syntax:
class SharedOnRead : public Reflect {
public:
virtual void read_access(mid_type);
virtual void write_access(mid_type);
virtual void access_declaration();
virtual void forget();
};
and as such provides several member functions whose usage is now described. read access and write access,
are both used to specify how the data members are accessed by a given method. If read acess is selected by
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the programmer for a given method, the programmer declares that, for this function, data members are never
changed, alas if write access is selected, data members can be changed. These two functions take a mid type
parameter which is unique for all the member functions in the program; the mid function (see Sect. 3.2) provides
that unique identifier for a function name. The access declaration function has to be redefined in order to
specify for each public member function its read or write nature: write access is the default behavior. A
SharedOnRead user has to take care of that and it is his responsibility to check for each method in the class
which ones are leaving the object in the same state and which ones are making modification to the object state.
Lastly, forgetmust be called so as to declare that this SharedOnRead object is not used anymore. This have to
be dealt with explicitly because SharedOnRead objects cannot be aware that they are not referenced anymore.
Program 1.6 gives an example of the use of the SharedOnRead mechanism, in which the programmer has
just to define a new class that inherits from an existing class and the SharedOnRead one, the only additional
programming work being to redefine the access declaration function.
∇ Example:
class Block { // A Matrix block
public:
virtual void reach(int** ai, int** aj, double** a);
virtual void update(int**& ai, int**& aj, double**& a);
};
class SorBlock: public SharedOnRead, public Block {
public:
SorBlock();
virtual void access_declaration() {
read_access(mid(reach));
write_access(mid(update));
}
};
Program 1.6. Programming a SharedOnRead block in a matrix-based example.
The implementation of the SharedOnRead class is based on the reification mechanism provided by C++//.
Inheriting from the class Reflect, all the SharedOnRead member functions are reified: the functions are not
directly executed but are derouted in a specific proxy where all the necessary implementation is defined and
achieved (update of the counter, copy when necessary, etc.). After this step, the proxy executes the function.
5.2. Benchmark application
5.2.1. Parallel linear algebra
We have tested the SharedOnRead mechanism on basic linear algebra operations commonly used in iterative
methods [38]. The key point for efficient parallel implementation of iterative methods are good performance
of the distributed sparse matrix/vector product, and distributed dot product since these operations are at the
heart of all basic Krylov algorithms [36]. In this context it is crucial to avoid unnecessary copies in matrix
operations.
As defined in [36] we may focus on a reduced set of operations:
– dense SAXPY, Y := αX + βY with Y,X ∈ Rn×p, α, β ∈ R;
– dense or sparse matrix product Y := αA ·X + βY with Y ∈ Rm×p, A ∈ Rm×n, X ∈ Rn×p, α, β ∈ R.
Parallel numerical linear algebra is concerned with data distribution of the matrix arguments in the above
operations. In our case we will only consider a block distribution scheme of matrices which is widely used [21]
and well suited for these applications. With these kind of distributions, we have to do dense matrix saxpy
operations and dense or sparse matrix products.
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These operations are implemented as a method of a class Matrix representing a block partitioned matrix.
The methods are:
– Matrix::scal(double alpha, Matrix* B, double beta)
This method performs the matrix saxpy operation this = β · this+ α · B.
– Matrix::axpy(double alpha,Matrix* A,Matrix* X,int mm)
This method performs the matrix operation this = α ·A×X + this, and this = α · A×X if mm==1.
Here, the distributed objects are the blocks of the matrix which may be called CSC since they are Compressed
Sparse Column (potentially sparse) matrices.
5.2.2. From sequential to parallel matrices in C++//
A sequential matrix contains a list of CSC objects, each of these objects holding a Block. This Block is
responsible for allocating all the arrays representing the matrix. If we want to parallelize these classes using
C++//, we only have to redefine the Matrix constructors. These constructors create the distributed CSC objects
of type Block or SorBlock (see Program 1.6) depending if we want to use the SharedOnRead mechanism or
not. A distributed CSC object (CSC ll object) can be created just by inheriting from CSC and the C++// class
Process. All the functions presented above (scal, axpy, ...) come unchanged from the sequential classes.
Program 1.7 presents the sequential version for a dense axpy function, which will be reused unchanged in
the C++// version. Thanks to polymorphism compatibility, the two A and X variables can be CSC ll objects.
If the SharedOnRead is used in the matrices construction, the block() function returns a SorBlock object:
as such, as bl1 and bl2 must be accessed only in read mode, we will use them directly if they are located in
the same address space, without generating any copy. On the contrary, the mine variable, which represents the
local Block of the CSC object, will be modified, so update has been declared in write mode in Program 1.6.
void CSC::axpy(double alpha, CSC* A, CSC* X, double beta) {
Block* bl1 = A->block();
Block* bl2 = X->block();
Block* mine = block();
bl1->reach(&tia, &tja, &ta);
bl2->reach(&tix, &tjx, &tx);
mine->update(&tiy,&tjy,&ty);
...
}
Program 1.7. Sequential dense CSC Block product.
5.2.3. The MPI version
Our objective is to apply the SharedOnRead mechanism and prove that this yield to performances as good
as the ones obtained with MPI, but with more transparency and flexibity for the programmer due to the object-
oriented model of programming. The MPI [2] implementation requires to redefine all the functions in order to
take into account the fact that not the same operations must be executed depending on the processor they are
executing on: MPI is very intrusive. This means that the programmer has to add a lot of MPI calls in the original
sequential code in order to derive the parallel version. Moreover, this makes it difficult to the programmer to
go back and forth from the sequential to the parallel version. Furthermore, MPI is a message passing library
thus parallelism is explicit, and the programmer has to directly deal with distribution and communication.
5.2.4. Performances
The following tests were performed on a network of 4 Solaris Ultra 1 with 128MB of memory and a 10Mb/s
Ethernet link. The MPI tests use the LAM library (http://www.mpi.nd.edu/lam/).
Since the runtime is not based on a virtual shared memory, the standard distribution algorithm can imply
that several active objects (representing CSCs holding matrix blocks) get mapped within the same address space
on each workstation, while others get mapped within different address spaces. Recall that the SharedOnRead
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Figure 11. Dense matrix product (a) duration in seconds using 4 computers (b) speed-up.
optimization applies when a computation occurs within the same address space. As demonstrated below this is
sufficient to achieve consequent speedup. If we were on an SMP architecture, then the benefits would be even
greater since there would be opportunity for sharing all the matrix blocks.
Figure 10 presents the performances for a scal (cf. Sect 5.2.1) calculation. Matrices used during these
tests were rectangular matrices with 90449 rows and a variable number of columns. The use of SharedOnRead
objects demonstrates a speed-up between 20 and 25% compared to the non optimized C++// version. When
compared with the MPI version, we cannot distinguish any difference between C++// with SharedOnRead and
MPI. One important point to notice is the fact that the non optimized C++// version (without SharedOnRead
objects) presents more and more overhead when the matrix size increases. The main reason is that this version
requires many communications between the different active objects even if they are located in the same address
space. In the SharedOnRead version, the two blocks represented by two active objects are mapped within the
same process, so communications and copies are avoided.
Figure 11a presents performance results for a dense matrix product. Again, the performances of the exper-
iment using the non optimized C++// version is between 20 and 30% slower than the MPI one. Between the
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Figure 12. Sparse matrix product with 4 computers.
C++// version and the MPI one, the overhead is constant. But the SharedOnRead version and the MPI one do
not behave exactly the same: the C++// solution sums the local matrix in a sequential way because it reuses
the sequential code, whereas the MPI version requires communication during the reduction step. Figure 11b
presents the speed-up obtained with 4 computers for the 3 different experiments. All calculations on dense
matrices are perfectly scalable; with 4 computers, the speed-up is around 3.9. We can observe that the overhead
of the non optimized C++// version is constant whatever the number of computers we use.
At last, Figure 12 presents performance results for a sparse matrix product. A first point to notice in such
a case is that the add function of the matrix had to be rewritten in the C++// version: the reduction being
critical in this benchmark, it was important to compute it in parallel. The second important aspect of this
benchmark deals with the platform architecture. All the previous tests were made on homogeneous computers:
the same CPU, at the same frequency, with the same amount of memory. This last test was performed on
an heterogeneous platform. Two of the four Ultra 1 were replaced with two Ultra 2 with 192 MB of memory.
Within this new architecture, the MPI program has the same performance as in the homogeneous test. In the
C++// case, the benchmark demonstrates that the object-oriented version is actually more efficient than the
MPI one. While MPI is subject to synchronization barriers, the C++// version automatically takes advantage
of the asynchronous model. In that case, the reduction of the two local matrices of the fastest computers can
start even if the computation on the slowest computers has not finished.
6. Overlapping communication with computation
This section presents the concepts and an implementation of an overlapping mechanism between communica-
tion and computation [7]. This mechanism allows to decrease the execution time of a remote method invocation,
especially in the context of important transfers, such as matrices.
A general idea to lower communication costs is to overlap communication with computation, thus yielding
to a pipeline effect regarding messages transmission. Any attempt to exploit this opportunity needs to rely
on non-blocking elementary communications, such as for instance, asynchronous send and receive primitives as
provided by well-known message-passing libraries (e.g. PVM [1] or MPI [2]).
For code readability and portability purposes, one additional requirement is to make the use of the overlapping
technique as much transparent as possible for programmers. As such, we reject distributed hand programmed
solutions where the programmer would himself split the data to be sent into smaller pieces, asynchronously send
each piece in turn thus “feeding” the pipeline, while at the receiver side, explicitly and repetitively receive each
new piece and goes on with it in the related computation.
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Previous attempts to automatically make use of an overlapping mechanism between communication and
computation have been successful in the context of data-parallel compiled languages for parallel architectures
with distributed memory: HPF [10], FortranD [40], but also in LOCCS [23], a library for communication routines
and computation. Here, we explain how the same problem has been tackled with, in the area of distributed
object-oriented languages where the whole computation taking place on the distributed entities can be expressed
as remote service invocations through method calls.
6.1. How the overlapping technique is designed and implemented
In the implementation of such remote method invocation-based settings, all arguments of the method call
must generally be received before the method execution starts. The essence of our proposition is thus to:
♦ Model: apply a classical pipelining idea to the arguments of a remote call.
Once the first part of the arguments has arrived, the method execution will be able to start. Moreover, it
is only the type of the arguments that will automatically indicate how to split the data to send. In this
way, programmers will be able to express, at a very high level, opportunities to introduce an overlapping of
communications with computation operations.
♦ Model: A new class, inheriting from Reflect (see Sect. 4.3.2) and called later is introduced in C++//,
from which all objects that require to be sent latter have to inherit from.
 Syntax:
class Matrix_Later : public later, public Matrix {...};
Objects from this later class must not be sent (eventually also, not be marshalled) during the first inspection
of the objects belonging to the request, but later, each one in a new message (as would be done for m2 when
calling dom→ rang(m1,m2) in Program 1.8 for example). later objects behave the same as future objects:
automatic blocking when one tries to access to the value, transparent update of the object with the incoming
value.
∇ Example:
class OpMatrix : public Process
virtual int rang(Matrix *m1,
Matrix *m2)
m1->square();
m2->plus(m1);
int res = m2->result();
return (res);
}
};
OpMatrix *dom =
new ("host") OpMatrix(...);
Matrix *m1 =
new Matrix(COLUMN, LINE);
Matrix *m2 =
new Matrix_Later(COLUMN, LINE);
// set the values for m1 and m2
CLOCK_Call_Time_START;
int res = dom->rang(m1, m2);
CLOCK_Call_Time_STOP;
Program 1.8. Definition and use of a C++// remote service with a later parameter.
This technique applies whether objects of later type sit at the first level (i.e. they are parameters of the
remote call as m2 in Program 1.8), or at lower levels (i.e. they are parts of non-later parameters; for example
each line of a matrix could be declared later whereas the matrix itself not). Notice that if needed, it is possible
to cast an object declared as inheriting from later to the original type (e.g. from Matrix Later to Matrix),
and vice-versa. For example, if a later object must be used at the very beginning of the next remote call, it
would be worth to cast it now to its original type in order to send it immediately. So, to take advantage of
the mechanism, the remote computation does not necessarily need a specific design (or redesign). The only
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Figure 13. Execution of the remote service (caller side, total duration in µs) and correspond-
ing benefit (G) obtained from using the overlapping technique on a LAN.
important point is that the order the various parameters are first used should closely follow the order they are
sent and received. So, the position of later parameters in method signatures becomes important.
Implementing the overlapping technique requires only minor modifications in the language runtime support.
At the MOP level, the main modification is to write a new generic function to flatten requests: this function
builds a first fragment which holds the request header and the non-later parameters, and then one fragment
for each parameter of later type. Then at the runtime level, the first fragment is sent and its service will
consist to create a C++// future type for each missing part of the request, i.e., for each later part of the
request parameters. Concerning the remaining fragments, they will be subsequently sent and served as follows:
transparently update the corresponding awaited request parameters, i.e. the corresponding future objects.
6.2. Benchmark
6.2.1. Description of the experiment
We designed a simple test and benchmarked it. This test must not be considered as a real application,
but as a means to validate the effectiveness of the technique. It is based on the remote call of the method
OpMatrix::rang(. . .) (see Program1.8) which takes two matrices, squares the first one, and adds the second
one. As the second matrix m2 is of type Matrix Later, it can be used as a parameter of OpMatrix::rang(. . .).
The remote service can start as soon as the request id and the non-later parameters have been received.
Experiments not using the overlapping technique are easily conducted: define m2 as an instance of Matrix
instead of Matrix Later.
The technique should allow to overlap the transmission and reception of the later parameter (i.e. the
matrix m2) that is only useful for the second part of the service execution (i.e. m2→plus(m1)) with the remote
execution requiring only m1 (i.e. the method m1→square()). Compared with an execution not using the
overlapping technique, the duration of m1→square() (noted d1 in the following) should increase, since, at the
same time, the remote processor has also to manage the reception and update of the matrix m2.
6.2.2. Results
Two Sun Solaris 2.6 workstations with 128 MB of RAM, interconnected by a 10 Mb/s Ethernet are used.
The curves plotted in Figure 13 show a decrease of the dom→ rang(m1,m2) execution time, and an almost
optimal gain as computed by G.
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Figure 14. Execution of the remote service (caller side, total duration in µs) and correspond-
ing gain. This corresponds to one Globus-based test between USA and France during night
period, with (d1) 300 times longer than in Figure 13.
Let us define the gain (G) in order to give a concrete estimation of the benefit.
G =
durationnot using overlap − durationusing overlap
later parameters transfer duration
· (1)
The duration for transferring later parameters, i.e. m2, is estimated by sending a C++// object of the same
size, not counting the—small—additional cost that would be required for managing a later parameter (a few
milliseconds).
Scalability. The overlapping technique used in this context where lightweight processes are available, scales
very well. Moreover, we deduce against our past experiences that only runtime supports using lightweight
processes can scale so well. Indeed, benchmarks conducted in the context of C++// on top of Pvm proved that
the amount of data that could be sent and received while the remote service is in progress, is bounded by the
remote receiving buffer size. The fundamental reason is that the transport-level layer can not gain the receiver
process attention while this latter is engaged in a remote computation (i.e. m1→square()), due to the lack of
a dedicated concurrent receiving thread.
WAN-based results. On WAN-based environments (see Fig. 14), sparing the transmission time of even a few
bytes1 yields a gain that the overhead of the technique can not override (very small compared to the high
transmission delays). But, one should notice that the duration of the remote computation is of course an other
crucial point. Indeed, if it is really too short compared with the transmission speed, almost no communication
overlap occurs. This is why the Globus-based [25] grid experiment plotted in Figure 14 assigned d1 to be 300
times higher than in experiments plotted in Figure 13. In concrete situations, such a high-computation duration
is not an unrealistic experimental assumption, as transmitting a large or even huge volume of data to remote
computers (especially on a grid) is justified by the need to execute quite costly computations on these data.
1More precisely, the total duration for the test in Figure 14 using matrices m1 and m2 of 2500 integers decreases from 680 816 µs
not using the overlapping technique to 556 446 µs when using it.
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Figure 15. Drag-and-drop migration allows to graphically move objects between machines.
7. Conclusion and perspectives
The work presented here focussed on reuse, flexibility, and extendability. At different levels (service routines,
abstractions for control programming, libraries defining specific programming models, etc.), the system we
propose tries to be both abstract with information hiding principles (black boxes simple to use), and open
for customization and extension. This approach tries to give some answers to the complexity and diversity of
parallel programming.
Granularity is probably another crucial point of parallel programming. In order to reach performances, a
challenging task is to achieve an appropriate matching between the granularity of program activities, and the
capability of the underlying parallel architecture. We believe the reusability object-oriented languages make
possible to be an important answer to the problem. In particuler, C++// makes it easy to turn an object into
an active object or vice-versa, in order to adapt the granularity of program activities without not too much
changes in the program.
In order to reach performances, two mechanisms have been described that can help to optimize parallel pro-
gramming without too much a burden for the programmer: (1) the SharedOnRead that can help a distributed
object-oriented language to be competitive with MPI, without writing large amount of code to obtain a parallel
version; (2) a mechanism to overlap computations with communications in order to take advantage of pipelining
in distributed object-oriented applications, without having to explicitly program the slicing of data and cor-
responding computations into smaller units. Both techniques apply in other distributed frameworks, such as
Corba, Java RMI.
Specifically, in the framework of Java, we have defined and implemented the ProActive library [18] that offers
a similar model with Java and its virtual machine. The framework being much more dynamic there are several
new features that we are able to provide. First of all, it is not only possible to create remotely accessible objects,
but also to “turn active” an existing object. Within the context of dynamic class loading, a JVM can receive
an object for which the class was previously unknown, and the library make it possible to make this object
remotely accessible. Another strong new feature is the mobility of computations. A migration primitive allows
an active object to move from one machine to another, while maintaining functional all the remote references to
and from itself. The graphical environment IC2D (Interactive Control and Debugging of Distribution) makes it
possible to monitor and steer distributed and parallel applications. In Figure 15, the machines, the JVMs, and
the active objects are graphically represented, as well as the communications that take place. Moreover, drag
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and drop migration allows to move around objects at execution, potentially from one continent to another in a
metacomputing framework.
Finally, another important aspect of distributed programming is the striking correctness problems it raises.
This paper didn’t address them, but it is another area of investigation for our group [4, 5]. We hope formal
techniques, together with parallel object-oriented programming, will permit some advances in that matter.
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Abstract. Grids raise new challenges in the following way: heterogene-
ity of underlying machines/networks and runtime environments (types
and performance characteristics), not a single administrative domain,
versatility. So the need to have appropriate programming and runtime
solutions in order to write, deploy then execute applications on such het-
erogeneous distributed hardware in an effective and efficient manner. We
propose in this article a solution to those challenges which takes the form
of a programming and deployment framework featuring parallel, mobile,
secure and distributed objects and components.
Keywords: Distributed objects, components, mobility, monitoring, de-
ployment, security, mapping.
1 Introduction
1.1 Motivation
In this article, we present a contribution to the problem of software reuse, inte-
gration and deployment for parallel and distributed computing. Our approach
takes the form of a programming and deployment framework featuring parallel,
mobile, secure and distributed objects and components. We especially target
Grid computing, but our approach also applies to application domains such as
mobile and ubiquitous distributed computing on the Internet (where high per-
formance, high availability, ease of use, etc., are of importance).
Below are the main current problems raised by grid computing that we have
identified, and for which we provide some solutions. For Grid applications de-
velopment, there is a need to smoothly, seamlessly and dynamically integrate
and deploy autonomous software, and for this to provide a glue in the form of
a software bus. Additionally, complexification of distributed applications and
commodity of resources through grids are making the tasks of deploying those
applications harder. So, there is a clear need for standard tools allowing versatile
deployment and analysis of distributed applications. Grid applications must be
able to cope with large variations in deployment: from intra-domain to multiple
domains, going over private, to virtually-private, to public networks. As a con-
sequence, the security should not be tied up in the application code, but rather
easily configurable in a flexible, and abstract manner. Moreover, any large scale
Grid application using hundreds or thousands of nodes will have to cope with
migration of computations, for the sake of load balancing, change in resource
availability, or just node failures.
We propose programming concepts, methodologies, and a framework for
building meta-computing applications, that we think are well adapted to the hier-
archical, highly distributed, highly heterogeneous nature of grid-computing. The
framework is called ProActive, a Java-based middleware (programming model
and environment) for object and component oriented parallel, mobile and dis-
tributed computing. As this article will show, ProActive is relevant for grid com-
puting due to its secure deployment and monitoring aspects [1, 2], its efficient
and typed collective communications [3], and component-based programming
facilities [4] thanks to an implementation of the Fractal component model [5, 6],
taking advantage of its hierarchical approach to component programming.
1.2 Context
Grid programmers may be categorized into three groups, such as defined in [7]:
the first group are end users who program pre-packaged Grid applications by
using a simple graphical or Web interface; the second group are those that know
how to build Grid applications by composing them from existing application
“components”, for instance by programming (using scripting or compiled lan-
guages); the third group consists of the developers that build the individual
components. Providing the user view of the Grid can also be seen as a two-
levels programming model [8]: the second level is the integration of distributed
components (developped at the first level), together into a complete executable.
In this context, the component model we propose addresses the second group
of programmers; but we also address the third group by proposing a deployment
and object-oriented programming model for autonomous grid-aware distributed
software that may further be integrated if needed.
In the context of object oriented computing for grid, for which security is a
concern, works such as Legion [9, 10] also provide an integrated approach like we
do. But the next generation of programming models for wide area distributed
computing is aimed at further enforcing code reuse and simplifying the devel-
oper’s and integrator’s task, by applying the component oriented methodology.
We share the goal of providing a component-based high-performance computing
solution with several projects such as: CCA [7] with the CCAT/XCAT toolkit
[11] and Ccaffeine framework, Parallel CORBA objects [12] and GridCCM [13].
But, to our knowledge, what we propose is the first framework featuring hierar-
chical distributed components. This should clearly help in mastering the com-
plexity of composition, deployment, re-usability required when programming and
running large-scale distributed applications.
1.3 Plan
The organization of the paper is as follows: first we describe the parallel and dis-
tributed programming model we advocate for developing autonomous grid-aware
software. Second, we define the concept of hierarchical, parallel, and distributed
components yielding the concept of Grid components. The third part of the paper
deals with concepts and tools useful during the life-cycle of a Grid application:
deployment that moreover might need to be secure, visualization and monitor-
ing of a Grid application and its associated runtime support (e.g. Java Virtual
Machines), re-deployment by moving running activities and by rebuilding com-
ponents.
2 Programming Distributed Mobile Objects
2.1 Motivation
As grid computing is just one particular instance of the distributed computing
arena, our claim is that proposed programming models and tools should not
drastically depart from traditional distributed computing.
We present here the parallel and distributed conceptual programming model
and at the same time, one of the many implementations we have done, called
ProActive, which is in Java, besides others done with Eiffel and C++, resp. called
Eiffel// and C++// [14, 15]. The choice of the Java language is fundamental in
order to hide heterogeneity of runtime supports, while the performance penalty
is not too high compared with native code implementations (c.f. Java Grande
benchmarks for instance [16]).
As ProActive is built on top of the Java standard APIs, mainly Java RMI
and the Reflection APIs, it does not require any modification to the standard
Java execution environment, nor does it make use of a special compiler, pre-
processor or modified virtual machine. Additionally, the Java platform provides
dynamic code loading facilities, very useful for tackling with complex deployment
scenarios.
2.2 Base Model
A distributed or concurrent application built using ProActive is composed of
a number of medium-grained entities called active objects. Each active object
has one distinguished element, the root, which is the only entry point to the
active object. Each active object has its own thread of control and is granted
the ability to decide in which order to serve the incoming method calls that are
automatically stored in a queue of pending requests. Method calls sent to active
objects are asynchronous with transparent future objects and synchronization
is handled by a mechanism known as wait-by-necessity [17]. There is a short
rendez-vous at the beginning of each asynchronous remote call, which blocks the
caller until the call has reached the context of the callee. All of this semantics
is built using meta programming techniques, which provide transparency and
the ground for adaptation of non-functional features of active objects to various
needs.
We have deliberately chosen not to use an explicit message-passing based
approach: we aim at enforcing code reuse by applying the remote method invo-
cation pattern, instead of explicit message-passing.
Passive Object
Active Object Root
Active Object Boundary
Object Reference
Fig. 1. A typical object graph with active objects
Another extra service (compared to RMI for instance) is the capability to
remotely create remotely accessible objects. For the sake of generality and dynam-
icity, creations of remotely accessible objects are triggered entirely at runtime
by the application; nevertheless, active objects previously created and registered
within another application may be accessed by the application, by first acquiring
them with a lookup operation.
For that reason, JVMs need to be identified and added a few services. Nodes
provide those extra capabilities : a node is an object defined in the model whose
aim is to gather several active objects in a logical entity. It provides an abstrac-
tion for the physical location of a set of active objects. At any time, a JVM hosts
one or several nodes. The traditional way to name and handle nodes in a simple
manner is to associate them with a symbolic name, that is a URL giving their
location, for instance rmi://lo.inria.fr/Node.
Let us consider a standard Java class A:
class A {
public A() {}
public void foo (...) {...}
public V bar (...) {...}
...
}
The instruction:
A a = (A) ProActive.newActive("A",params,"//lo.inria.fr/Node");
creates a new active object of type A on the JVM identified with Node. It assumes
that Node (i.e. the JVM) has been already deployed (see below and also section
4). Note that an active object can also be bound dynamically to a node as the re-
sult of a migration. Further, all calls to that remote object will be asynchronous,
and subject to the wait-by-necessity :
a.foo (...); // Asynchronous call
v = a.bar (...); // Asynchronous call
...
v.f (...); // Wait-by-necessity: wait until v gets its value
2.3 Mobility
ProActive provides a way to move an active object from any Java virtual machine
to any other one. This feature is accessible through a simple migrateTo(...)
primitive (see Table 1).
Migration towards:
migrateTo (URL) a VM identified by a URL
migrateTo (Objet) the location of another Active Object
Table 1. Migration primitives in ProActive
The primitive is static, and as such always triggers the migration of the
current active object and all its passive objects. However, as the method is
public, other, possibly remote, active objects can trigger the migration; indeed,
the primitive implements what is usually called weak migration. The code in
Example 2 presents such a mobile active object.
public class SimpleAgent implements Serializable {
public void moveToHost(String t) {
ProActive.migrateTo(t);
}
public void joinFriend(Object friend) {
ProActive.migrateTo(friend);
}
public ReturnType foo(CallType p) {
...
}
}
Fig. 2. SimpleAgent
In order to ensure the working of an application in the presence of migration,
we provide three mechanism to maintain communication with mobile objects.
The first one relies on a location sever which keeps track of the mobile ob-
jects in the system. When needed, the server is queried to obtain an up-to-date
reference to an active object. After migrating, an object updates its new location.
The second one uses a fully decentralized technique known as forwarders [18].
When leaving a site, an active object leaves a special object called a forwarder
which points to its new location. Upon receiving a message, a forwarder simply
passes it to the object (or another forwarder).
The third one is an original scheme based on a mix between forwarding an
location server which provides both performance and fault tolerance.
2.4 Group Communications
The group communication mechanism of ProActive achieves asynchronous re-
mote method invocation for a group of remote objects, with automatic gathering
of replies.
Given a Java class, one can initiate group communications using the standard
public methods of the class together with the classical dot notation; in that way,
group communications remain typed. Furthermore, groups are automatically
constructed to handle the result of collective operations, providing an elegant
and effective way to program gather operations.
Here is an example of a typical group creation, based on the standard Java
class A presented above:
// A group of type "A" and its 2 members are created at once
// on the nodes directly specified,
// parameters are specified in params,
Object[][] params = {{...}, {...}};
Node[] nodes = {..., ...};
A ag = (A) ProActiveGroup.newActiveGroup("A", params, nodes);
Elements can be included into a typed group only if their class equals or
extends the class specified at the group creation. Note that we do allow and
handle polymorphic groups. For example, an object of class B (B extending A)
can be included to a group of type A. However based on Java typing, only the
methods defined in the class A can be invoked on the group.
A method invocation on a group has a syntax similar to that of a standard
method invocation:
ag.foo(...); // A group communication
Such a call is asynchronously propagated to all members of the group using
multi-threading. Like in the ProActive basic model, a method call on a group is
non-blocking and provides a transparent future object to collect the results. A
method call on a group yields a method call on each of the group members. If a
member is a ProActive active object, the method call will be a ProActive call and
if the member is a standard Java object, the method call will be a standard Java
method call (within the same JVM). The parameters of the invoked method are
broadcasted to all the members of the group.
An important specificity of the group mechanism is: the result of a typed
group communication is also a group. The result group is transparently built at
invocation time, with a future for each elementary reply. It will be dynamically
updated with the incoming results, thus gathering results. The wait-by-necessity
mechanism is also valid on groups: if all replies are awaited the caller blocks, but
as soon as one reply arrives in the result group, the method call on this result is
executed. For instance in:
V vg = ag.bar(); // A method call on a group, returning a result
// vg is a typed group of "V"
vg.f(); // This is also a collective operation
a new f() method call is automatically triggered as soon as a reply from the
call ag.bar() comes back in the group vg (dynamically formed). The instruction
vg.f() completes when f() has been called on all members.
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Fig. 3. Execution of an asynchronous and remote method call on group with dynamic
generation of a result group
Other features are available regarding group communications: parameter dis-
patching using groups (through the definition of scatter groups), hierarchical
groups, dynamic group manipulation (add, remove of members), group synchro-
nization and barriers (waitOne, waitAll, waitAndGet); see [3] for further details
and implementation techniques.
2.5 Abstracting Away from the Mapping of Active Objects to
JVMs: Virtual Nodes
Active objects will eventually be deployed on very heterogeneous environments
where security policies may differ from place to place, where computing and
communication performances may vary from one host to the other, etc. As such,
the effective locations of active objects must not be tied in the source code.
A first principle is to fully eliminate from the source code the following ele-
ments:
• machine names,
• creation protocols,
• registry and lookup protocols,
the goal being to deploy any application anywhere without changing the
source code. For instance, we must be able to use various protocols, rsh, ssh,
Globus, LSF, etc., for the creation of the JVMs needed by the application.
In the same manner, the discovery of existing resources or the registration of
the ones created by the application can be done with various protocols such
as RMIregistry, Jini, Globus, LDAP, UDDI, etc. Therefore, we see that the
creation, registration and discovery of resources has to be done externally to the
application.
A second key principle is the capability to abstractly describe an application,
or part of it, in terms of its conceptual activities. The description should indicate
the various parallel or distributed entities in the program or in the component.
As we are in a (object-oriented) message passing model, to some extend, this
description indicates the maximum number of address spaces. For instance, an
application that is designed to use three interactive visualization nodes, a node
to capture input from a physic experiment, and a simulation engine designed to
run on a cluster of machines should somewhere clearly advertise this information.
Now, one should note that the abstract description of an application and
the way to deploy it are not independent piece of information. In the example
just above, if there is a simulation engine, it might register in a specific registry
protocol, and if so, the other entities of the computation might have to use that
lookup protocol to bind to the engine. Moreover, one part of the program can
just lookup for the engine (assuming it is started independently), or explicitly
create the engine itself.
To summarize, in order to abstract away the underlying execution platform,
and to allow a source-independent deployment, a framework has to provide the
following elements:
• an abstract description of the distributed entities of a parallel program or
component,
• an external mapping of those entities to real machines, using actual creation,
registry, and lookup protocols.
Besides the principles above, we want to eliminate as much as possible the
use of scripting languages, that can sometimes become even more complex than
application code. Instead, we are seeking a solution with XML descriptors, XML
editor tools, interactive ad-hoc environments to produce, compose, and activate
descriptors (see section 4).
To reach that goal, the programming model relies on the specific notion of
Virtual Nodes (VNs):
- a VN is identified as a name (a simple string),
- a VN is used in a program source,
- a VN is defined and configured in a deployment descriptor (XML) (see sec-
tion 4 for further details),
- a VN, after activation, is mapped to one or to a set of actual ProActive
Nodes.
Of course, distributed entities (active objects), are created on Nodes, not on
Virtual Nodes. There is a strong need for both Nodes and Virtual Nodes. Virtual
Nodes are a much richer abstraction, as they provide mechanisms such as set or
cyclic mapping. Another key aspect is the capability to describe and trigger the
mapping of a single VN that generates the allocation of several JVMs. This
is critical if we want to get at once machines from a cluster of PCs managed
through Globus or LSF. It is even more critical in a Grid application, when
trying to achieve the co-allocation of machines from several clusters across several
continents.
Moreover, a Virtual Node is a concept of a distributed program or component,
while a Node is actually a deployment concept: it is an object that lives in a
JVM, hosting active objects. There is of course a correspondence between Virtual
Nodes and Nodes: the function created by the deployment, the mapping. This
mapping can be specified in an XML descriptor. By definition, the following
operations can be configured in such a deployment descriptor (see section 4):
- the mapping of VNs to Nodes and to JVMs,
- the way to create or to acquire JVMs,
- the way to register or to lookup VNs.
ProActiveDescriptor pad =
ProActive.getProActiveDescriptor(String xmlFileLocation);
//---- Returns a ProActiveDescriptor object from the xml file
VirtualNode dispatcher = pad.getVirtualNode("Dispatcher");
//---- Returns the VirtualNode Dispatcher described
// in the xml file as a java object
dispatcher.activate()
// --- Activates the VirtualNode
Node node = dispatcher.getNode();
//-----Returns the first node available among nodes mapped
// to the VirtualNode
C3DDispatcher c3dDispatcher = newActive("C3DDispatcher", param, node);
..........................
Fig. 4. Example of a ProActive source code for descriptor-based mapping
Now, within the source code, the programmer can manage the creation of
active objects without relying on machine names and protocols. For instance,
the piece of code given in Figure 4 will allow to create an active object onto
the Virtual Node Dispatcher. The Nodes (JVMs) associated in a descriptor file
with a given VN are started (or acquired) only upon activation of a VN mapping
(dispatcher.activate() in the Figure 4).
3 Composing
3.1 Motivation
The aim of our work around components is to combine the benefits of a com-
ponent model with the features of ProActive. The resulting components, that
we call ”Grid components”, are recursively formed of either sequential, paral-
lel and/or distributed sub-components, that may wrap legacy code if needed,
and that may be deployed but further reconfigured and moved – for example to
tackle fault-tolerance, load-balancing or adaptability to changing environmental
conditions.
Here is a typical scenario illustrating the usefulness of our work. Consider
complex grid software formed of several services, say of other software (a paral-
lel and distributed solver, a graphical 3D renderer, etc). The design of this grid
software is highly simplified if it can be considered as a hierarchical composition
(recursive assembly and binding): the solver is itself a component composed of
several components, each one encompassing a piece of the computation. The
whole software is seen as a single component formed of the solver and the ren-
derer. From the outside, the usage of this software is as simple as invoking
a functional service of a component (e.g. call solve-and-render). Once deployed
and running on a grid, assume that due to load balancing purposes, this software
needs to be relocated. Some of the ongoing computations may just be moved (the
solver for instance); others depending on specific peripherals that may not be
present at the new location (the renderer for instance) may be terminated and
replaced by a new instance adapted to the target environment and offering the
same service. As the solver is itself a hierarchical component formed of several
sub-components, each encompassing an activity, we trigger the migration of the
solver as a whole, without having to explicitly move each of its sub-components,
while references towards mobile components remain valid. Eventually, once the
new graphical renderer is launched, we re-bind the software, so as it now uses
this new configuration.
3.2 Component Model
Observing the works done so far on component software, including standardized
industrial component models, such as CCM, EJB or COM, some researchers
concluded that there was still missing an appropriate basis for the construction
of highly flexible, highly dynamic, heterogeneous distributed environments. They
consequently introduced a new model[5], based on the concepts of encapsulation
(components are black boxes), composition (the model is hierarchical), sharing1,
life-cycle (a component lives through different phases), activities, control (this
allows the management of non-functional properties of the components), and
dynamicity (this allows reconfiguration). This model is named Fractal.
Fig. 5. The 3 types of components
The Fractal model is somewhat inspired from biological cells, i.e. plasma sur-
rounded by membranes. In other words, a component is formed out of two parts:
a content, and a set of controllers. The content can be recursive, as a compo-
nent can contain other components: the model is hierarchical. The controllers
provide introspection capabilities for monitoring and exercising control over the
execution of the components. A component interacts with its environment (no-
tably, other components) through well-defined interfaces. These interfaces can
be either client or server, and are interconnected using bindings (see fig. 5).
Fractal is a component model conceived to be simple but extensible. It pro-
vides an API in Java, and offers a reference implementation called Julia. Unfor-
tunately, Julia is not based on a distributed communication protocol (although
there exists a Jonathan personality, i.e. a set of RMI Fractal components), thus
hindering the building of systems with distributed components.
1 sharing is currently not supported in the ProActive implementation
Besides, ProActive offers many features, such as distribution, asynchronism,
mobility or security, that would be of interest for Fractal components.
We therefore decided to write a new implementation of the Fractal API
based on ProActive, that would benefit from both sides, and that would ease the
construction of distributed and complex systems.
3.3 ProActive Components
A ProActive component has to be parallelizable and distributable as we aim at
building grid-enabled applications by hierarchical composition; componentiza-
tion acts as a glue to couple codes that may be parallel and distributed codes
requiring high performance computing resources. Hence, components should be
able to encompass more than one activity and be deployed on parallel and dis-
tributed infrastructures. Such requirements for a component are summarized by
the concept we have named Grid Component.
Figure 5 summarizes the three different cases for the structure of a Grid
component as we have defined it. For a composite built up as a collection of
components providing common services (Figure 5.c), group communications (see
2.4) are essential for ease of programming and efficiency. Because we target
high performance grid computing, it is also very important to efficiently imple-
ment point-to-point and group method invocations, to manage the deployment
complexity of components distributed all over the Grid and to possibly debug,
monitor and reconfigure the running components.
A synthetic definition of a ProActive component is the following :
– It is formed from one (or several) Active Object(s), executing on one (or
several) JVM(s)
– It provides a set of server ports (Java Interfaces)
– It possibly defines a set of client ports (Java attributes if the component is
primitive)
– It can be of three different types :
1. primitive : defined with Java code implementing provided server inter-
faces, and specifying the mechanism of client bindings.
2. composite : containing other components.
3. parallel : also a composite, but re-dispatching calls to its external server
interfaces towards its inner components.
– It communicates with other components through 1-to-1 or group communi-
cations.
A ProActive component can be configured using :
– an XML descriptor (defining use/provide ports, containment and bindings
in an Architecture Description Language style)
– the notion of virtual node, capturing the deployment capacities and needs
Finally, we are currently working on the design of specialized components
encapsulating legacy parallel code (usually Fortran-MPI or C-MPI). This way,
ProActive will allow transparent collaboration between such legacy applications
and any other Grid component.
3.4 Example
We hereby show an example of how a distributed component system could be
built using our component model implementation. It relates to the scenario ex-
posed in section 3.1.
Fig. 6. A simplified representation of the C3D component model
C3D, an existing application, is both a collaborative application and a dis-
tributed raytracer: users can interact through messaging and voting facilities in
order to choose a 3D scene that is rendered using a set of distributed rendering
engines working in parallel. This application is particularly suitable for compo-
nent programming, as we can distinguish individual software entities and we can
abstract client and server interfaces from these entities. The resulting compo-
nent system is shown in figure 6 : users interact with the dispatcher component,
can ask for the scene motion, and can see the evolution of the ray-tracing. The
dispatcher delegates the calculation of the scene to a parallel component (ren-
derers). This parallel component contains a set of rendering engines (R1, R2,
R3), and distributes calculation units to these rendering engines thanks to the
group communication API (scatter feature, see 2.4). The results are then for-
warded (from the client interface i of the renderers component) as a call-back to
the dispatcher (server interface d), and later to the users (from client interface
g of the dispatcher to server interface b of the clients). These relations result in
cyclic composition of the components. During the execution, users (for instance
user1 represented on the figure) can dynamically connect to the dispatcher and
interact with the program. Another dynamical facility is the connection of new
rendering engine components at runtime : to speedup the calculations, if the
initial configuration does not perform fast enough, new rendering engines can be
added along with R1, R2, R3. Besides, components being active objects, they
can also migrate for load-balancing or change of display purposes, either pro-
grammatically or interactively using tools such as IC2D (see 4.3). Interaction
between users, like votes, is not represented here.
There are two ways of configuring and instantiating component systems :
either programmatically, or using an architecture description language (ADL).
The ADL can help a lot, as it automates the instantiation, the deployment,
the assembly and the binding of the components. The following examples corre-
spond to the configuration of the C3D application. The ADL is composed of two
main sections. The first section defines the types of the components (User-Type,
Dispatcher-Type and Renderer-Type), in other words the services the compo-
nents offer and the services they require :
<types>
<component-type name="User-Type">
<provides>
<interface name="a" signature="package.UserInput"/>
<interface name="b" signature="package.SceneUpdate"/>
</provides>
<requires>
<interface name="c" signature="package.UserSceneModification"/>
</requires>
</component-type>
<component-type name="Dispatcher-Type">
<provides>
<interface name="d" signature="package.UserSceneModification"/>
<interface name="e" signature="package.CalculationResult"/>
</provides>
<requires>
<interface name="f" signature="package.CalculateScene"/>
<interface name="g" signature="package.SceneUpdate"/>
</requires>
</component-type>
<component-type name="Renderer-Type">
<provides>
<interface name="h" signature="package.Rendering"/>
</provides>
<requires>
<interface name="i" signature="package.CalculationResult"/>
</requires>
</component-type>
</types>
The second section defines the instances of the components, the assembly of
components into composites, and the bindings between components :
<components>
<primitive-component implementation="package.User"
name="user1" type="User-Type"
virtualNode="UserVN"/>
<primitive-component implementation="package.User"
name="user2" type="User-Type"
virtualNode="UserVN"/>
<primitive-component implementation="package.Dispatcher"
name="dispatcher" type="Dispatcher-Type"
virtualNode="DispatcherVN"/>
<parallel-component name="parallel-renderers"
type="Renderer-Type"
virtualNode="parallel-renderers-VN">
<components>
<primitive-component implementation="package.Renderer"
name="renderer" type="Renderer-Type"
virtualNode="renderers-VN"/>
<!-- the actual number of renderer instances
depends upon the mapping of the virtual node -->
</components>
<!-- bindings are automatically performed
inside parallel components -->
</parallel-component>
</components>
<bindings>
<binding client="dispatcher.c" server="parallel-renderers.c"/>
<binding client="renderers.r" server="dispatcher.r"/>
<binding client="user1.i" server="dispatcher.i"/>
<binding client="dispatcher.g" server="user2.b"/>
<!-- bindings to clients can also be performed dynamically
as they appear once the application is started
and ready to receive input operations -->
</bindings>
Bindings connect components at each level of the hierarchy, and are per-
formed automatically inside parallel components. The primitive components con-
tain functional code from the class specified in the implementation attribute.
Each component also exhibits a ”virtual node” property : the design of the
component architecture is decoupled from the deployment (see 4.2) of the com-
ponents. This way, the same component system can be deployed on different
computer infrastructures (LAN, cluster, Grid).
In conclusion, the benefits of the componentization of the C3D application
are – at least – threefold. First, the application is easier to understand and to
configure. Second, the application is more evolutive: for instance, as the rendering
calculations are encapsulated in components, one could improve the rendering
algorithm, create new rendering engine components and easily replace the old
components with the new ones. Third, the application is easier to deploy, thanks
to the mapping of the components onto virtual nodes.
4 Deploying, Monitoring
4.1 Motivation
Increasing complexity of distributed applications and commodity of resources
through grids are making the tasks of deploying those applications harder. There
is a clear need for standard tools allowing versatile deployment and analysis of
distributed applications. We present here concepts for the deployment and mon-
itoring, and their implementation as effective tools integrated within the ProAc-
tive framework. If libraries for parallel and distributed application development
exist (RMI in Java, jmpi [19] for MPI programming, etc.) there is no standard
yet for the deployment of such applications. The deployment is commonly done
manually through the use of remote shells for launching the various virtual ma-
chines or daemons on remote computers, clusters or grids. The commoditization
of resources through grids and the increasing complexity of applications are
making the task of deploying central and harder to perform.
Questions such as “are the distributed entities correctly created ?”, “do the
communications among such entities correctly execute ?”, “where is a given mo-
bile entity actually located ?”, etc. are usually left unanswered. Moreover, there
is usually no mean to dynamically modify the execution environment once the
application is started. Grid programming is about deploying processes (activi-
ties) on various machines. In the end, the security policy that must be ensured
for those processes depends upon many factors: first of all, the application pol-
icy that is needed, but also, the machine locations, the security policies of their
administrative domain, and the network being used to reach those machines.
Clearly said, the management of the mapping of processes (such as JVMs,
PVM or MPI daemons) onto hosts, the deployment of activities onto those pro-
cesses have generally to be explicitly taken into account, in a static way, some-
times inside the application, sometimes through scripts. The application cannot
be seamlessly deployed on different runtime environments.
To solve those critical problems, the quite classical and somehow ideal solu-
tions we propose follow 4 steps:
1. abstract away from the hardware and software runtime configuration by
introducing and manipulating in the program virtual processes where the
activities of the application will be subsequently deployed,
2. provide external information regarding all real processes that must be launched
and the way to do it (it can be through remote shells or job submission to
clusters or grids), and define the mapping of virtual processes onto real pro-
cesses,
3. provide a mean to visualize, complete or modify the deployment once the
application has started,
4. provide an infrastructure where Grid security is expressed outside the appli-
cation code, outside the firewall of security domains, and in both cases in a
high-level and flexible language.
4.2 Deployment Descriptors
We solve the two first steps by introducing XML-based descriptors able to de-
scribe activities and their mapping onto processes. Deployment descriptors allow
to describe: (1) virtual nodes, entities manipulated in the source code, represent-
ing containers of activities, (2) Java virtual machines where the activities will
run and the way to launch or find them, (3) the mapping between the virtual
nodes and the JVMs. The deployment of the activities is consequently separated
from the code; one can decide to deploy the application on different hosts just
by adapting the deployment descriptor, without any change to the source code.
Descriptors are structured as follows:
virtual nodes
definition
acquisition
deployment
security
register
lookup
mapping
jvms
infrastructure
Virtual Nodes As previously stated (see 2.5), a virtual node is a mean to
define a mapping between a conceptual architecture and one or several nodes
(JVMs), and its usage in the source code of a program has been given on figure
4.
The names of the virtual nodes in the source code has to correspond to
the names of the virtual nodes defined in the first section. There are two ways
of using virtual nodes. The first way is to name them (and further explicitly
describe them):
<virtualNodesDefinition>
<virtualNode name="User"/>
</virtualNodesDefinition>
The second way is to acquire virtual nodes already deployed by another
application:
<virtualNodesAcquisition>
<virtualNode name="Dispatcher"/>
</virtualNodesAcquisition>
Deployment The deployment section defines the correspondence, or mapping,
between the virtual nodes in the first section, and the processes they actually
create.
The security section allows for the inclusion of security policies in the de-
ployment (see section 4.4):
<security file="URL">
The register section allows for the registration of virtual nodes in a registry
such as RMIRegistry or JINI lookup service:
<register virtualNode="Dispatcher" protocol="rmi">
This way, the virtual node ”Dispatcher”, as well as all the JVMs it is mapped
to, will be accessible by another application through the rmi registry.
Symmetrically, descriptors provide the ability to acquire a virtual node al-
ready deployed by another application, and defined as acquirable in the first
section:
<lookup virtualNode="Dispatcher" host="machineZ" protocol="rmi"/>
The mapping section helps defining:
– a one virtual node to one JVM mapping:
<map virtualNode="User1">
<jvmSet>
<currentJvm protocol="rmi"/>
<!-- currentJvm is the Jvm of the file parsing process -->
</jvmSet>
</map>
– a one virtual node to a set of JVMs mapping:
<map virtualNode="Renderer">
<jvmSet>
<vmName value=Jvm1/>
<vmName value=Jvm2/>
<vmName value=Jvm3/>
...
</jvmSet>
</map>
– the collocation of virtual nodes, when two virtual nodes have a common
mapping on a JVM.
Virtual nodes represent sets of JVMs, and these JVMs can be remotely cre-
ated and referenced using standard Grid protocols. Each JVM is associated with
a creation process, that is named here but fully defined in the ”infrastructure”
section. For example, here is an example where Jvm1 will be created through a
Globus process that is only named here, but defined in the infrastructure section:
<jvms>
<jvm name="Jvm1">
<acquisition method="rmi"/>
<creation>
<processReference refid="GlobusProcess"/>
</creation>
</jvm>
...
</jvms>
Infrastructure The infrastructure section explicitly defines which Grid proto-
cols (and associated ProActive classes) to use in order to create remote JVMs.
The remote creation of a JVM implies two steps: first, the connection to a
remote host, second, the actual creation of the JVM.
Let us start with the second step. Once connected to the remote host, the
JVM can be created using the JVMNodeProcess class:
<processDefinition id="jvmProcess">
<jvmProcess class="org.objectweb.proactive.core.process.JVMNodeProcess"/>
<processReference refid="localJvmCreation"/>
The first step, the connection process, can itself invoke other processes. For
example, the connection to LSF hosts requires beforehand a ssh connection to
the frontal of the cluster, then a bSub command to reach the hosts inside the
cluster. When connected, the previously defined localJvmCreation process is
called:
<processDefinition id="bsubInriaCluster">
<bsubProcess
class="org.objectweb.proactive.core.process.lsf.LSFBSubProcess">
<processReference refid="localJvmCreation"/>
<bsubOption>
<processor>20</processor>
</bsubOption>
</bsubProcess>
</processDefinition>
<processDefinition id="sshProcess">
<sshProcess
class="org.objectweb.proactive.core.process.ssh.SSHProcess"
hostname="sea.inria.fr">
<processReference refid="bsubInriaCluster"/>
</sshProcess>
</processDefinition>
Other protocols are supported, including : rsh, rlogin, ssh, Globus, PBS. Here
is an example using Globus:
<processDefinition id="globusProcess">
<globusProcess
class="org.objectweb.proactive.core.process.globus.GlobusProcess"
hostname="globus.inria.fr">
<processReference refid="localJvmCreation"/>
<globusOption>
<count>15</count>
</globusOption>
</globusProcess>
</processDefinition>
More information about the descriptors and how to use them is given in [20].
Deployment of Components The ADL used for describing component sys-
tems associates each component with a virtual node (see 3.4). A component
system can be deployed using any deployment descriptor, provided the virtual
node names match. The parallel components take advantage of the deployment
descriptor in another way. In the example of section 3.4, consider the parallel
component named ”renderers”. It only defines one inner component ”renderer”,
and this inner component is associated to the virtual node ”renderers-VN”. If
”renderers-VN” is mapped onto a single JVM A, only one instance of the ren-
derer will be created, on the JVM A. But if this ”renderers-VN” is actually
mapped onto a set of JVMs, one instance of the renderer will be created on
each of these JVMs. This allows for large scale parallelization in a transparent
manner.
4.3 Interactive Tools
We solve the third step mentioned in section 4.1 by having a monitoring applica-
tion: IC2D (Interactive Control and Debugging of Distribution). It is a graphical
environment for monitoring and steering distributed ProActive applications.
Monitoring the Infrastructure and the Mapping of Activities Once a
ProActive application is running, IC2D enables the user to graphically visual-
ize fundamental distributed aspects such as topology and communications (see
figure 7).
It also allows the user to control and modify the execution (e.g. the mapping
of activities onto real processes, i.e. JVMs, either upon creation or upon migra-
tion. Indeed, it provides a way to interactively drag-and-drop any running
active object to move it to any node displayed by IC2D (see figure 8). This is
a useful feature in order to react to load unbalance, to expected unavailability of
a host (especially useful in the context of a desktop grid), and more importantly
in order to help implementing the concept of a pervasive grid : mobile users need
Fig. 7. General view of what IC2D displays when an application is running
to move the front-end active objects attached to the on-going grid computations
they have launched, on their various computing devices so as to maintain their
grid connectivity.
Moreover, it is possible to trigger the activation of new JVMs (see figure 9)
adding dynamicity in the configuration and deployment.
Interactive Dynamic Assembly and Deployment of Components IC2D
compose and IC2D deploy are two new interactive features we are planning to
add to the IC2D environment.
The idea is to enable an integrator to graphically describe an application: the
components, the inner components, and their respective bindings. The outcome
of the usage of IC2D compose would be an automatically generated ADL. At
this specific point, we need to provide the integrator with several solutions for
composing virtual nodes. Indeed, as each ProActive component is attached
to one virtual node, what about the virtual node of the composite component
Fig. 8. Drag-and-drop migration of an active object
that results from the composition of several sub-components ? Should the re-
sulting component still be deployed on the different virtual nodes of its inner
components; or, on the contrary, should those virtual nodes be merged into one
single virtual node attached to the composite ? The decision is grounded on the
fact that merging virtual nodes is an application-oriented way to enforce the
collocation of components.
Besides, IC2D deploy will be an additional tool that graphically would en-
able to trigger the deployment then the starting of an application based upon its
ADL; this of course requires the complementary usage of a deployment descrip-
tor attached to this application, so as to first launch the required infrastructure.
Once the application has been deployed, IC2D deploy would enable to dynami-
cally and graphically manage the life-cycle of the components (start, stop), and
interface with IC2D compose so as to allow the user modify their bindings and
Fig. 9. Interactive creation of a new JVM and associated node
their inclusion. Of course, the IC2D monitor itself is still useful so as to visualize
the underlying infrastructure and all activities. At this point, we will need to ex-
tend the IC2D monitor, so as to provide a way to graphically show all activities
that are part of the same component: in this way, it will be possible to trigger the
migration of a component as a whole, by using the usual drag-and-drop facility.
4.4 Security Enforcement
We now describe the fourth step mentioned in section 4.1. Grid applications
must be able to cope with large variations in deployment: from intra-domain to
multiple domains, going over private, to virtually-private, to public networks. In
the same way as the deployment is not tied up in the source code, we provide a
similar solution regarding the security, so as it becomes easily configurable in a
flexible, and abstract manner. Overall, we propose a framework allowing:
– declarative security attributes (Authentication, Integrity, Confidentiality),
outside any source code and away from any API;
– policies defined hierarchically at the level of administrative domain,
– dynamic security policy, taking into account the nature (private or public)
of the underlying networks;
– dynamically negotiated policies (for multi-principals applications),
– policies for remote creation and migration of activities.
A Hierarchical Approach to Grid Security A first decisive feature allows
to define application-level security on Virtual Nodes, those application-level de-
ployment abstractions:
Definition 1. Virtual Node Security
Security policies can be defined at the level of Virtual Nodes. At execution, that
security will be imposed on the Nodes resulting from the mapping of Virtual
Nodes to JVMs, and Hosts.
As such, virtual nodes are the support for intrinsic application level security.
If, at design time, it appears that a process always requires a specific level of
security (e.g. authenticated and encrypted communications at all time), then
that process should be attached to a virtual node on which those security features
are imposed. It is the designer responsibility to structure his/her application or
components into virtual node abstractions compatible with the required security.
Whatever deployment occurs, those security features will be maintained.
The second decisive feature deals with a major Grid aspect: deployment-
specific security. The issue is actually twofold:
1. allowing organizations (security domains) to specify general security policies,
2. allowing application security to be specifically adapted to a given deployment
environment.
Domains are a standard way to structure (virtual) organizations involved in a
Grid infrastructure; they are organized in a hierarchical manner. They are the
logical concept allowing to express security policies in a hierarchical way.
Definition 2. Declarative Domain Security
Fine grain and declarative security policies can be defined at the level of Do-
mains. A Security Domain is a domain to which a certificate and a set of rules
are associated.
This principle allows to deal with the two issues mentioned above:
(1) the administrator of a domain can define specific policy rules that must be
obeyed by the applications running within the domain. However, a general rule
expressed inside a domain may prevent the deployment of a specific application.
To solve this issue, a policy rule can allow a well-defined entity to weaken it. As
we are in a hierarchical organization, allowing an entity to weaken a rule means
allowing all entities included to weaken the rule. The entity can be identified by
its certificate;
(2) a Grid user can, at the time he runs an application, specify additional security
based on the domains being deployed onto, directly in his deployment descriptor
for those domains.
Finally, as active objects are active and mobile entities, there is a need to
specify security at the level of such entities.
Definition 3. Active Object Security
Security policies can be defined at the level of Active Object. Upon migration of
an activity, the security policy attached to that object follows.
In open applications, e.g. several principals interacting in a collaborative Grid
application, a JVM (a process) launched by a given principal can actually host
an activity executing under another principal. The principle above allows to keep
specific security privileges in such case. Moreover, it can also serve as a basis to
offer, in a secure manner, hosting environments for mobile agents.
Interactions Definition Security policies are able to control all the inter-
actions that can occur when deploying and executing a multi-principals Grid
application. With this goal in mind, interactions span over the creation of pro-
cesses (JVM in our case), to the monitoring of activities (ActiveObjects) within
processes, including of course the communications. Here is a brief description of
those interactions:
– JVMCreation (JVMC): creation of a new JVM process
– NodeCreation (NC): creation of a new Node within a JVM (as the result of Virtual
Node mapping)
– CodeLoading (CL): loading of bytecode within a JVM
– ActiveObjectCreation (AOC): creation of a new activity (active object) within a
Node
– ActiveObjectMigration (AOM): migration of an existing activity object to a Node
– Request (Q), Reply (P): communications, method calls and replies to method calls
– Listing (L): list the content of an entity; for Domain/Node provides the list of
Node/Active Objects, for Active Object allows to monitor its activity.
One must be able to express policies in a rather declarative manner. The
general syntax to provide security rules, to be placed within security policy
files attached to applications (for instance, see the security tag within the
deployment descriptor), is the following:
Entity[Subject] -> Entity [Subject]
: Interaction # [SecurityAttributes]
Being in a PKI infrastructure, the subject is a certificate, or credential. Other
“elements” (Domain, Virtual Node, Object) are rather specific to Grid applica-
tions and, in some cases, to the object-oriented framework. An “entity” is an
element on which one can define a security policy. “Interaction” is a list of ac-
tions that will be impacted by the rule. Finally, security attributes specify how,
if authorized, those interactions have to be achieved.
In order to provide a flavor of the system, we consider the following example.
Domain[inria.fr] -> Domain[ll.cnrs.fr] : Q,P # [+A,+I,?C]
The rule specifies that between the domain inria.fr (identified by a specific cer-
tificate) and the parallel machine ll.cnrs.fr, all communications (reQuests, and
rePlies) are authorized, they are done with authentication and integrity, confi-
dentiality being accepted but not required.
Security Negotiation As a Grid operates in decentralized mode, without a
central administrator controlling the correctness of all security policies, these
policies must be combined, checked, and negotiated dynamically.
During execution, each activity (Active Object) is always included in a Node
(due to the Virtual Node mapping) and at least in one Domain, the one used to
launch a JVM (D0). Figure 10 hierarchically represents the security rules that
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can be activated at execution: from the top, hierarchical domains (Dn to D0),
the virtual node policy (VN), and the Active Object (AO) policy. Of course,
such policies can be inconsistent, and there must be clear principles to combine
the various sets of rules.
There are three main principles: (1) choosing the most specific rules within
a given domain (as a single Grid actor is responsible for it), (2) an interaction is
valid only if all levels accept it (absence of weakening of authorizations), (3) the
security attributes retained are the most constrained based on a partial order
(absence of weakening of security). Before starting an interaction, a negotiation
occurs between the two entities involved.
In large scale Grid applications, migration of activities is an important issue.
The migration of Active Objects must not weaken the security policy being
applied. When an active object migrates to a new location, three cases may
happen :
– the object migrates to a node belonging to the same virtual node and in-
cluded inside the same domain. In this case, all already negotiated sessions
remain valid.
– the object migrates to a known node (created during the deployment step)
but which belongs to another virtual node. In this case, all already negotiated
sessions can be invalid. This kind of migration imposes re-establishing the
object policy, and upon a change, re-negotiating with interacting entities.
– The object migrates to an unknown node (not known at the deployment
step). In this case, the object migrates with a copy of the application secu-
rity policy. When a secured interaction will take place, the security system
retrieves not only the object’s application policy but also policies rules at-
tached to the node on which the object is to compute the policy.
5 Conclusion and Perspectives
In summary, the essence of our proposition, presented in this paper, is as fol-
lows: a distributed object oriented programming model, smoothly extended to
get a component based programming model (in the form of a 100% Java li-
brary); moreover this model is “grid-aware” in the sense that it incorporates
from the very beginning adequate mechanisms in order to further help in the
deployment and runtime phases on all possible kind of infrastructures, notably
secure grid systems. This programming framework is intended to be used for
large scale grid applications. For instance, we have succeeded to apply it for
a numerical simulation of electromagnetic waves propagation, a non embarrass-
ingly parallel application [21], featuring visualization and monitoring capabilities
for the user. To date, this simulation has successfully been deployed on various
infrastructures, ranging from interconnected clusters, to an intranet grid com-
posed of approximatively 300 desktop machines. Performances compete with a
previous existing version of the application, written in Fortran MPI. The pro-
posed object-oriented approach is more generic and features reusability (the
component-oriented version is under development, which may further add dy-
namicity to the application), and the deployment is very flexible.
We are conducting further works in several but complementary directions
that are needed in grid computing, mainly:
– checkpointing and message logging techniques are in the way of being incor-
porated into the ProActive library. Indeed, we will as such be able to react to
versatility of machines and network connections, without having to restart
all the application components. Several similar works are under way ([22]
for instance). The original difficulty we are faced with, is that it is possible
to checkpoint the state of an active object only at specific points: only be-
tween the service of two requests (for the same reason which explains why
the migration of active objects is weak). Nevertheless, we provide an hy-
brid protocol combining communication induced checkpointing and message
logging techniques, which is adapted to the non-preemptibility of processes.
This protocol ensures strong consistency of recovery lines, and enables a fully
asynchronous recovery of the distributed system after a failure.
– ProActive components that wrap legacy codes, and in particular, parallel
(MPI) native codes, are being defined and implemented (see [23] for related
approaches). Of course, the design aims at enabling such components to
interact with 100% ProActive components.
Overall, we target numerical code coupling, combination of numerical sim-
ulations and visualization, collaborative environments in dedicated application
domains (see [24]), etc. The aim is to use our grid component model as a software
bus for interactions between some or all of the grid components.
Indeed, the presented approach does not specifically target high-level tools
appropriate for scientists or engineers who may not have a computer science
background. In this respect, our objective is to succeed to incorporate the IC2D
tools suite into grid portals, such as the Alliance portal [25]. An other comple-
mentary on going work for this class of users is to enable ProActive components
to be published as web services (and enable those web service enabled com-
ponents interact using SOAP). Notice that it does not prevent a service to be
implemented as one or several hierarchical ProActive components, i.e. as the
result of a recursive composition of 100% ProActive components, internally in-
teracting only through ProActive. Then, within such portals, end-users could
rely on workflow languages such as WSFL or BPEL4WS to compose applica-
tions by simply integrating some of the published components at a coarse-grain
level.
In this way, those coarse-grain web service enabled components could pro-
vide the usual service-oriented view most users are familiar with. But as those
instanciated components may use stateful resources, encompass possibly com-
plex compositions of activities and data, we claim that the object and component
oriented programming model we propose is adequate to ’internally’ program and
deploy those hierarchical components.
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Abstract
One challenge of building future grid systems is to provide suitable application programming interfaces and
environments. In this chapter, we identify functional and non-functional properties for such environments. We then
review three existing systems that have been co-developed by the authors with respect to the identified properties:
ProActive, Ibis, and GAT. Apparently, no currently existing system is able to address all properties. However, from
our systems, we can derive a generic architecture model for grid application programming environments, suitable for
building future systems that will be able to address all the properties and challenges identified.
This research work is carried out under the FP6 Network of Excellence CoreGRID funded by the European Commission (Contract IST-2002-
004265).
1
1 Introduction
A grid, based on current technology, can be considered as a distributed system for which heterogeneity, wide-area
distribution, security and trust requirements, failure probability, as well as high latency and low bandwidth of com-
munication links are exacerbated. Different grid middleware systems have been built, such as the Globus toolkit [39],
EGEE LCG and g-lite [12], ARC [35], Condor [20], Unicore [18], etc). All these systems provide similar grid ser-
vices, and a convergence is in progress. As the GGF [22] definition of grid services tries to become compliant to Web
services technologies, a planetary-scale grid system may emerge, although this is not yet the case. We thus consider a
grid a federation of different heterogeneous systems, rather than a virtually homogeneous distributed system.
In order to build and program applications for such federations of systems, (and likewise application frameworks
such as problem solving environments or “virtual labs”), there is a strong need for solid high-levelmiddleware, directly
interfacing application codes. Equivalently, we may call such middleware a grid programming environment. Indeed,
grid applications require the middleware to provide them with access to services and resources, in some simple way.
Accordingly, the middleware should implement this access in a way that hides heterogeneity, failures, and performance
of the federation of resources and associated lower-level services they may offer. The challenge for the middleware is
to provide applications with APIs that make applications more or less grid unaware (i.e. the grid becomes invisible).
Having several years of experience designing and building such middleware, we analyze our systems, aiming
at a generalization of their APIs and architecture that will finally make them suitable for addressing the challenges
and properties of future grid application programming environments. In Section 2, we identify functional and non-
functional properties for future grid programming environments. In Section 3, we present our systems, ProActive, Ibis,
and GAT, and investigate which of the properties they meet already. In Section 4, we discuss related systems by other
authors. Section 5 then derives a generalized architecture for future grid programming environments. In Section 6 we
draw our conclusions and outline directions of future work.
2 Properties for grid application programming environments
Grid application programming environments provide both application programming interfaces (APIs) and runtime
environments implementing these interfaces, allowing application codes to run in a grid environment. In this section,
we outline the properties of such programming environments.
2.1 Non-functional properties
We begin our discussion with the non-functional properties as these are determining the constraints on grid API
functionality. As such, issues like performance, security, and fault-tolerance have to be taken into account when
designing grid application programming environments.
Performance
As high-performance computing is one of the driving forces behind grids, performance is the most prominent, non-
functional property of the operations that implement the functional properties as outlined below. Job scheduling and
placement is mostly driven by expected execution times, while file access performance is strongly determined by
bandwidth and latency of the network, and the choice of the data transfer protocol and its configuration (like parallel
TCP streams [34] or GridFTP [2]). The trade-off between abstract functionality and controllable performance is a
classic since the early days of parallel programming [7]. In grids, it even gains importance due to the large physical
distances between the sites of a grid.
Fault tolerance
Most operations of a grid API involve communication with physically remote peers, services, and resources. Because
of this remoteness, the instabilities of network (Internet) communication, the fact that sites may fail or become un-
reacheable, and the administrative site autonomy, various error conditions arise. (Transient) errors are common rather
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Figure 1: Grid application execution scenario
than the exception. Consequently, error handling becomes an integral part, both of grid runtime environments and of
grid APIs.
Security and trust
Grids integrate users and services from various sites. Communication is typically performed across insecure connec-
tions of the Internet. Both properties require mechanisms for ensuring security of and trust among partners. A grid
API thus needs to support mutual authentication of users and resources. Access control to resources (authorization)
becomes another source of transient errors that runtime systems and their APIs have to handle. Besides authentica-
tion and authorization, privacy becomes important in Internet-based systems which can be ensured using encryption.
Whereas encryption need not be reflected in grid APIs themselves, users may notice its presence by degraded commu-
nication performance.
Platform independence
It is an important property for programming environments to keep the application code independent from details of
the grid platform, like machine names or file system layouts for application executables and data files. This needs to
be reflected in the APIs provided by a grid programming environment. The corresponding implementations need to
map abstract, application-level resources to their physical counterparts.
2.2 Functional properties
Figure 1 illustrates the involvement of programming environments in application execution scenarios. We envision the
following categories of necessary functionality.
Access to compute resources, job spawning and scheduling
Users enter application jobs to the grid via some form of job submission tool, like globusrun [39], or a portal like
GridSphere [32]. In simple cases, a job will run on a single resource or site. In more advanced scenarios, like dynamic
grid applications [3] or in the general case of task-flow applications [5, 37], a running job will spawn off further jobs
to available grid resources. But even the portal can be seen as a specialized grid application that needs to submit jobs.
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A job submission API has to take descriptions of the job and of suitable compute resources. Only in the simplest
cases will the runtime environment have (hard coded) information about job types and available machines. In any
real-world grid environment, the mapping and scheduling decision is taken by an external resource broker service [33].
Such an external resource broker is able to take dynamic information about resource availability and performance into
account.
Access to file and data resources
Any real-world application has to process some form of input data, be it files, data bases, or streams generated by
devices like radio telescopes [38] or the LHC particle collider [23]. A special case of input files is the provisioning
of program executable files to the sites on which a job has been scheduled. Similarly, generated output data has to be
stored on behalf of the users.
As grid schedulers place jobs on computationally suitable machines, data access immediately becomes remote.
Consequently, a grid file API needs to abstract from physical file locations while providing a file-like API to the
data (“open, read/write, close”). It is the task of the runtime environment to bridge the gap between seemingly local
operations and the remotely stored data files.
Communication between parallel and distributed processes
Besides access to data files, the processes of a parallel application need to communicate with each other to perform their
tasks. Several programming models for grid applications have been considered in the past, among which are MPI [25,
26, 27], shared objects [28], or remote procedure calls [11, 36]. Besides suitable programming abstractions, grid APIs
for inter-process communication have to take the properties of grids into account, like dynamic (transient) availability
of resources, heterogeneous machines, shared networks with high latency and bandwidth fluctuations. The trade-off
between abstract functionality and controllable performance is the crux of designing communication mechanisms for
grid applications. Besides, achieving mere connectivity is a challenging task for grid runtime environments, esp. in
the presence of firewalls, local addressing schemes, and non-IP local networks [17].
Application monitoring and steering
In case the considered grid applications are intended to be long running, users need to be in control of their progress
in order to avoid costly repetition of unsuccessful jobs. For this purpose, users need to inspect and possibly modify
the status of their application while it is running on some nodes in a grid. For this purpose, monitoring and steer-
ing interfaces have to be provided, such that users can interact with their applications. For this purpose, additional
communication between the application and external tools like portals or application managers are required.
As listed so far, we consider these properties as the direct needs of grid application programs. Further functionality,
like resource lookup, multi-domain information management, or accounting are of equal importance. However, we
consider such functionality to be of indirect need only, namely within auxiliary grid services rather than the application
programs themselves.
3 Existing grid programming environments
After having identified both functional and non-functional properties for grid application programming environments,
we now present three existing systems, developed by the authors and their colleagues. For each of them, we outline
their purpose and intended functionality, and we discuss which of the non-functional properties can be met. For the
three systems, ProActive, Ibis, and GAT, we also outline their architecture and implementation.
3.1 ProActive
ProActive is a Java library for parallel, distributed and concurrent computing, also featuring mobility and security in
a uniform framework. With a reduced set of simple primitives, ProActive provides a comprehensive API masking
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the specific underlying tools and protocols used, and allowing to simplify the programming of applications that are
distributed on a LAN, on a cluster of PCs, or on Internet Grids. The library is based on an active object pattern, on top
of which a component-oriented view is provided.
Architecture All active objects are running in a JVM and more precisely are attached to a Node hosted by it. Nodes
and active objects on the same JVM are indeed managed by a ProActive runtime (see Figure 2) which provides them
support/services, such as lookup and discovery mechanism for nodes and active objects, creation of runtime on remote
hosts, enactment of the communications according to the chosen transport protocol, security policies negociation, etc.
Numerous meta-level objects are attached to an active object in order to implement features like remote communica-
tion, migration, groups, security, fault-tolerance and components. A ProActive runtime inter operates with an open and
moreover extensible palette of protocols and tools; for communication and registry/discovery, security: RMI, Ibis, Jini
(for environment discovery), web service exportation, HTTP, RMI over ssh tunneling; for process (JVM) deployment:
ssh, sshGSI, rsh, Globus (through the JavaCog Kit API), LSF, PBS, Sun Grid Engine. Standard Java dynamic class
loading is considered as the means to solve provision of code.
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Figure 2: Application running on top of the ProActive architecture
3.1.1 Functional properties of ProActive
Access to computing resources, job spawning and scheduling Instead of having an API which mandates the
application to configure the infrastructure it must be deployed on, deployment descriptors are used. They collect all
the deployment information required when launching or acquiring already running ProActive runtimes (e.g. remote
login information, CLASSPATH value) and ProActive proposes the notion of a Virtual Node which serves to virtualize
the active object’s location in the source code (see figure 3). Besides, the mapping from a virtual node to effective
JVMs is managed via these deployment descriptors [9]. In summary, ProActive provides an open deployment system
(through a minimum size API, associated with XML deployment files) that enables to access and launch JVMs on
remote computing resources using an extensible palette of access protocols. ProActive provides a simple API to
trigger (weak) migration of active objects as a means to dynamically remap activities on the target infrastructure (e.g.
ProActive.migrateTo(Node anode)).
Communication for parallel processes Method calls sent to active objects are always asynchronous with transpar-
ent future objects and synchronization is handled by a mechanism known as wait-by-necessity [14]. Each active object
has its own thread of control, and decides in which order to serve the incoming method call requests. Based on a sim-
ple Meta-Object Protocol, a communication between those active objects follows the standard Java method invocation
syntax. Thus no specific API is required in order to let them communicate. ProActive provides an extension of this
to groups of active objects, as a typed group communication mechanism. On a Java class, named e.g. A, here is an
example of a typical group creation and method call
// A group of type "A" and its 3 members are created at once on the nodes
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ProActiveDescriptor pad = ProActive.getProActiveDescriptor(String xmlFileLocation);
//---- Returns a ProActiveDescriptor object from the xml file
VirtualNode dispatcher = pad.getVirtualNode("Dispatcher");
//---- Returns the VirtualNode Dispatcher described in the xml file as an object
dispatcher.activate()
// --- Activates the VirtualNode
Node node = dispatcher.getNode();
//-----Returns the first node available among nodes mapped to the VirtualNode
C3DDispatcher c3dDispatcher = ProActive.newActive("org.objectweb.proactive.core.
examples.c3d.C3DDispatcher", param, node);
//-----Creates an active object running class C3DDispatcher, on the remote JVM.
Figure 3: Example of a ProActive source code for descriptor-based mapping
// directly specified, parameters are specified in params,
Object[][] params = {{...}, {...}, {...}};
A ag = (A) ProActiveGroup.newGroup("A",params, {node1,node2,node3});
V vg=ag.foo(pg); // A typed group communication
The result of a typed group communication, which may also be a group, is transparently built at invocation time, with a
future for each elementary reply. It will be dynamically updated with the incoming results. Other features are provided
through methods of the group API: parameter dispatching instead of broadcasting, using scatter groups, explicit group
method call synchronization through futures (e.g. waitOne, waitAll), dynamic groupmanipulation by first getting
the group representation, then add, remove of members. Groups provide an object oriented SPMD programming
model [6].
Application monitoring and steering ProActive applications can be monitored transparently by an external appli-
cation, written in ProActive: IC2D (Interactive Control and Debugging for Distribution) [9]. Once launched, it is
possible to select some hosts (and implicitly all corresponding virtual nodes, nodes, and hosted active objects): this
triggers the registration of a listener of all sort of events that occur (send of method calls, reception of replies, waiting
state); they are sent to IC2D, then graphically presented. IC2D provides a drag-and-drop migration of active objects
from one JVM to an other, which can be considered as a steering operation. A job abstraction enables to consider at
once the whole set of activities and JVMs that correspond to the specific execution of an application. Graphical job
monitoring is then provided, e.g. to properly kill it.
3.1.2 Non-functional properties of ProActive
Performance As a design choice, communication is asynchronous with futures. Compared to traditional futures,
(1) they are created implicitly and systematically, (2) and can be passed as parameters to other active objects. As
such, performance may come from a good overlapping of computation and communication. If pure performance is a
concern, then ProActive should preferably use Ibis instead of standard RMI, as the transport protocol [24].
Fault tolerance Non functional exceptions are defined and may be triggered, for each sort of feature that may
fail due to distribution. Handlers are provided to transparently manage those non-functional exceptions, giving the
programmer the ability to specialize them. Besides, a ProActive application can transparently be made fault-tolerant.
On user demand, a transparent checkpointing protocol, designed in relation with an associated recovery protocol, can
be applied. Once any active object is considered failed, the whole application is restarted from a coherent global state.
The only user’s involvement is to indicate in the deployment descriptor, the location of a stable storage for checkpoints.
Security and trust The ProActive security framework allows to configure security according to the deployment of
the application. Security mechanisms apply to basic features like communication authentication, integrity, confiden-
tiality to more high-level ones like object creation or migration (e.g. a node may accept or deny the migration of
an active object according to its provenance). Security policies are expressed outside the application, in a security
descriptor attached to the deployment descriptor that the application will use. Policies are negotiated dynamically by
the participants involved in a communication, a migration, or a creation, be they active objects or nodes, and according
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Figure 4: API’s and architecture of the Ibis system
to their respective IP domain and ProActive runtime they are hosted by. The security framework is based on PKI. It is
possible to tunnel over SSH all communications towards a ProActive runtime, as such multiplexing and demultiplex-
ing all RMI connections or HTTP class loading requests to that host through its ssh port. For users, it requires only
to specify in ProActive deployment descriptors, for instance, which JVMs should export their RMI objects through a
SSH tunnel.
Platform independence ProActive is built in such a way as it does not require any modification to the standard Java
execution environment, nor does it make use of a special compiler, pre-processor or modified virtual machine.
3.2 Ibis
The Ibis Grid programming environment [42] has been developed to provide parallel applications with highly efficient
communication API’s. Ibis is based on the Java programming language and environment, using the “write once, run
anywhere” property of Java to achieve portability across a wide range of Grid platforms. Ibis aims at Grid-unaware
applications. As such, it provides rather high-level communication API’s that hide Grid properties and fit into Java’s
object model.
The Ibis runtime system architecture is shown in Figure 4. Ibis can be configured dynamically at run time, al-
lowing to combine standard techniques that work “anywhere” (e.g., using TCP) with highly-optimized solutions that
are tailored for special cases, like a local Myrinet interconnect. The Ibis Portability Layer (IPL), that provides this
flexibility, consists of a small set of well-defined interfaces. The IPL can have different implementations, which can
be selected and loaded into the application at run time.
The IPL allows configuration via properties (key-value pairs), like for the serialization method that is used, re-
liability, message ordering, performance monitoring support, etc. Whereas the layers on top of IPL request certain
properties, the Ibis instantiation is using local configuration files containing information about the locally available
functionality (like being reliable or unreliable, or having ordered broadcast communication). At startup, Ibis tries
to load each of the implementations listed in the file, and checks if they adhere to the required properties, until all
requirements have been met. If this is impossible, properties are re-negotiated with the layers on top of IPL.
3.2.1 Non-functional properties of Ibis
Performance
For Ibis, performance is the paramount design criterion. The IPL provides communication primitives using send ports
and receive ports. A careful design of these ports and primitives allows flexible communication channels, streaming
of data, efficient hardware multicast and zero-copy transfers.
The layer above the IPL creates send and receive ports, which are connected to form a unidirectional message
channel, see Figure 5. New (empty) message objects can be requested from send ports, and data items of any type can
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m = sendPort.getMessage();
m.writeInt(3);
m.writeIntArray(a);
m.writeObject(o);
m.send();
i = m.readInt();
o = m.readObject();
a = m.readIntArray();
m = receivePort.receive();
m.finish();
send port receive port
m.writeIntSlice(b, 0, 100); m.readIntSlice(b, 0, 100);
Figure 5: Ibis send ports and receive ports
be inserted incrementally, allowing for streaming of long messages. Both primitive types and arbitrary objects can be
written. When all data is inserted, the send primitive can be invoked on the message.
The IPL offers two ways to receive messages, the port’s blocking receive primitive, as well as upcalls, providing
the mechanism for implicit message receipt.
Fault tolerance
Currently, the Ibis runtime system provides transparent fault tolerance for the Satin divide-and-conquer API (see
below) [45]. Fault tolerance for other programming models is subject to ongoing work.
Security and trust
Ibis is focusing on communication between processes. Currently, it supports encrypted communication by incorporat-
ing the secure socket layer (SSL) in its communication protocol stack [17]. Issues like authentication and authorization
are beyond the scope of Ibis.
Platform independence
Platform independence is mostly addressed by using Java. Besides, the IPL’s dynamic loading facility hides many
properties of the underlying resources and networks from the application.
3.2.2 Functional properties of Ibis
Access to compute resources, job spawning and scheduling
The API’s provided by Ibis focus on communication between parallel processes. As such, they do not provide access
to compute resources, job spawning, or scheduling systems. Instead, Ibis assumes that underlying Grid middleware
takes care of scheduling and starting an Ibis application. The Ibis model does not prevent settings with processes
joining and leaving running applications, however, such dynamically changing process groups are not exposed to the
application.
Access to file and data resources
As Ibis is hiding the Grid environment from the application, its API’s do not provide access to Grid file and data
resources either. As with compute resources, Ibis assumes underlying middleware (like the Java GAT [4]) to provide
such functionality, if needed.
Communication between parallel and distributed processes
As shown in Figure 4, Ibis provides a set of communication API’s on top of the IPL. Besides the API’s shown in
the figure and discussed below, Ibis also supports CCJ [31], a simple set of collective communication operations,
inspired by MPI [30]. An implementation of the MPJ [15] message passing API has been added recently. Support for
GridSuperscalar [5] is subject to ongoing work.
RMI For basic, object-based communication, Ibis provides Java’s standard remote method invocation (RMI) [42].
The Ibis RMI implementation is optimized for high performance between remote processes [42].
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RepMI Using RMI for globally shared objects can lead to serious performance degradation as almost all method
invocations have to be performed remotely across a Grid network. For applications with high read/write ratios to their
shared objects, replicated objects can perform better, as all read operations become local, and only write operations
need to be broadcast to all replicas, as implemented in replicated method invocation (RepMI) [28].
With RepMI, groups of replicated objects are identified by the programmer using special marker interfaces (like
with Java RMI). The Ibis runtime system works together with a byte code rewriter (similar to RMI’s rmic) that under-
stands the special marker interfaces and generates communication code for the respective classes.
GMI Compared to RepMI, group method invocation (GMI) [29] can providemore relaxed consistency among object
groups, favoring higher performance and much better flexibility. GMI is a conceptual extension of RMI, also allowing
groups of stubs and skeletons to communicate, allowing RMI-like group communication. In GMI, methods can be
invoked either on a single stub, or collectively on a group of stubs. Likewise, invocations can be handled by an
individual skeleton or a group of skeletons. Complex communication patterns among stubs and skeletons can be
deployed, depending on the communication semantics. Schemes for method invocation and result handling can be
combined orthogonally, providing a wide spectrum of operations that span, among others, both synchronous and
asynchronous RMI, future objects, and collective communication as known from MPI.
Satin Divide-and-conquer parallelism is provided using the Satin interface [41], shown in Figure 6. The application
first extends the Spawnable marker interface, indicating to the byte code rewriter to generate code for parallel execu-
tion. An application class then extends the SatinObject class and implements its marker interface, together tagging
the recursive invocations as asynchronous. The sync method blocks until all spawned invocations have returned their
result.
interface FibInterface extends ibis.satin.Spawnable {
public long fib(long n);
}
class Fib extends ibis.satin.SatinObject implements FibInterface {
public long fib(long n) {
if(n < 2) return n;
long x = fib(n-1); /* spawn, tagged in FibInterface */
long y = fib(n-2); /* spawn, tagged in FibInterface */
sync(); /* from ibis.satin.SatinObject */
return x + y;
}
}
Figure 6: Satin code example for the Fibonacci numbers
Each spawnedmethod invocation creates an invocation record that is stored locally in a work queue. Idle processors
obtain work by an algorithm called cluster-aware randomwork stealing (CRS). It has been shown in [43] that CRS can
execute parallel applications very efficiently in Grid environments while the application code is completely shielded
from Grid peculiarities by the Satin interface.
Application monitoring and steering Application monitoring and steering are not provided explicitly by Ibis; this
is subject to ongoing work.
3.3 GAT
The Grid Application Toolkit (GAT) aims to enable scientific applications in grid environments. It helps to integrate
grid capabilities in application programs, by providing a simple and stable API with well known API paradigms (e.g.
POSIX like file access), interfacing to grid resources and services, abstracting details of underlying grid middleware.
This allows to interface to different versions or implementations of grid middleware without any code change in the
application.
To illustrate how the GAT can be used, Figure 7 shows a complete C++ program performing a remote file access
– it reads the file given as command line argument and prints its content on stdout.
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#include <iostream>
#include <GAT.hpp>
int main (int argc, char** argv) {
try {
GAT::Context context;
GAT::FileStream file (context, GAT::Location (argv[1]));
char buffer[1024] = "";
while ( 0 < file.Read (buffer, sizeof (buffer) - 1) )
std::cout << buffer;
}
catch (GAT::Exception const &e) {
std::cerr << e.GetMessage() << std::endl;
}
return (0);
}
Figure 7: GAT example in C++ for a cat.
To the application, the file access method actually used is completely transparent – it could be ssl, ftp, grid-ftp or
libc. The GAT takes care of translating these calls to the appropriate middleware operations, by preserving the defined
semantics.
3.3.1 Functional properties of GAT
The GAT API specification covers the six following areas:
(1) physical files (4) compute resources
(2) logical files (5) monitoring and steering
(3) communication (6) persistent meta data and information
These areas have been derived from application use cases in the GridLab [3] project, and are not intended to
provide complete coverage of grid capabilities. Hence, GAT is not intended to cover every application use case in
grids (although the GAT authors tried to extend the scope to other probable use cases).
Simplicity is the major constraint for the API specification, along with the requirement to reuse well known API
paradigms wherever possible. These constraints lead to the API as described in more detail in [4].
The GAT API addresses all functional properties as listed in Section 2.2. However, there is one notable exception:
GAT does not provide any high-performance inter process communication. GAT’s communication mechanisms are
aimed at application steering and control and support only simple pipes. High-performance communication between
parallel processes is considered to be beyond the scope of GAT.
Architecture The GAT architecture [4] follows 2 major design goals: (a) the API layer is to be independent from
the grid environment; and (b) bindings to the grid environments must be exchangeable/extendable at runtime, on user
and/or administrator level. This implies that the API layer cannot implement the API capabilities directly, but has
to dynamically dispatch the calls to a lower, exchangeable layer. That principle is reflected in the API as shown in
Figure 8.
A thin API layer with GAT syntax interfaces to the application. The calls are forwarded to the GAT engine, which
dynamically dispatches the API calls to the adaptor layer. Adaptors are modules which implement the semantics of
the call and bind the GAT to specific a grid middleware.
Recently, the Global Grid Forum (GGF) has formed a research group (SAGA-RG – Simple API for Grid Applica-
tions) to standardize a grid API. The GAT group is actively taking part in this group. In fact, the SAGA design will be
very similar to the GAT design. However, SAGA prescribes only the API, not the architecture of any implementation.
3.3.2 Non-functional properties of GAT
Performance In grid environments, network latency and remote service delays form a major performance problem.
Compared to that, any overhead imposed by the local implementation is small. Hence, the GAT engine’s dynamic
system of adaptor selection and call dispatching introduces little overhead, when compared to the total call execution
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Figure 8: GAT Architecture: the engine dispatches API calls to adaptors, which bind to a specific grid capability
provider.
time. However, GAT can be configured to make optimal use of available resources. For example, a system adminis-
trator may want to install/configure a file movement adaptor using a locally-available high-speed LAN. Also, as in all
grid applications, adaptor-level caching mechanisms are encouraged to minimize network latencies.
Fault Tolerance Upon failure of a grid operation, the GAT engine is falls back to other adaptors. For example, if a
GSI adaptor fails to create a coomunication channel, a SSH adaptor would be tried, and may succeed. That process is
transparent to the application.
By abstracting the grid operations from the application, fault tolerance is much easier to provide, and can be
hidden from the end user. But error reporting and auditing are crucial for the user. GAT supports both, and returns a
hierarchical stack trace of call information for all operations performed.
On adaptor level, fault tolerance is implemented in whichever manner is suitable for the grid environment the
adaptor binds to.
Security and Trust GAT can only be as secure as its adaptors – the engine itself does not perform remote operations
and cannot directly enforce any security. However, the engine provides the means to implement a coherent security
model across all adaptors. Also, a minimal security level (local, ssh, gsi etc.) can be specified via user and
system preferences, and prevents less secure adaptors from being used. Ultimately, the trust relationship lies with the
adaptors, and with the grid middleware, rather than with GAT. GAT merely delegates, capabilities as well as security.
Platform Independence Platform, environment and language independence has been a major objective of the GAT
implementation. The GAT reference implementation is written in ANSI-C/ISO-C99, is natively developed on Win-
dows and Linux, and has been ported to MacOS-X, Solaris, IRIX, Linux-64 and other UNIX’s. A native Java GAT
implementation is also available, which by design is platform independent.
The GAT architecture makes it usable on any grid environment providing a set of adaptors. GAT comes with
a set of local adaptors, binding the API to the libc – hence it is possible to develop complex grid applications on
disconnected systems, and to later run the same executable on a full scale grid.
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GAT adaptors exist to GridLab services [3], to Globus (pre Web Services) [39], to ssh/ssl/sftp, and to the Uni-
core Resource Broker [18]. Ongoing work is addressing adaptor development for specific experiments or projects,
like to the Storage Resource Broker (SRB) [8], or for dynamic light-path allocation for file transfer. The Java GAT
implementation uses the CoG Toolkit [44] to bind to various Globus incarnations.
3.4 Summary
We summarize the comparison of our three systems in Table 1. There, bullet points indicate properties that are
addressed while hollow circles refer to unaddressed properties. From the table it becomes obvious that the three
systems have been designed for somewhat different purposes. These choices directly influence which (functional and
non-functional) properties are addressed, actually.
Property ProActive Ibis GAT
Non-Functional Properties
performance • • ◦
fault tolerance • • •
security / trust • / ◦ • / ◦ • / ◦
platform independence • • •
Functional Properties
resources / job spawning / scheduling • / • / ◦ ◦ / ◦ / ◦ • / • / •
files / data resources ◦ / ◦ ◦ / ◦ • / •
parallel / distributed communication • / • • / • ◦ / •
application monitoring / steering • / ◦ ◦ / ◦ • / •
Table 1: Comparison of the three frameworks
4 Related work
Besides the ones presented, there are various other grid programming environments. First of all, one has to name
the “native” grid APIs and environments, such as Condor [20] and Globus [39]. These systems reach deep into the
fabric layer of the grid, but also provide programming interfaces for higher levels. However, these interfaces are often
conceived as being unfit for application development, in terms of complexity and dependency on the actual middleware
and its configuration.
The Java CoG [44] has been an early valiant effort to offer low level grid capabilities to applications. First, CoG
has been a wrapper around early Globus versions. The CoG became a reimplementation of large parts of Globus, to
get independent of the Globus development cycle. Nowadays, CoG has a very similar architecture to GAT, and to the
general architecture presented in Section 5. CoG is, as GAT, one of the major supporters for the GGF SAGA API
effort.
Early versions of the Java CoG have been binding directly and exclusively to a specific Globus version. In fact, that
approach was taken in other projects as well, with the main objective to abstract the complexity of grid programming
for the end user. However, that approach can not be kept in sync with neither the dynamic grid environment, nor with
the progress of the grid middleware development.
VariousMPI implementations aim at supporting large parallel applications in grids. MPICH-G [19] is using Globus
communication facilities. PACX-MPI [26] is an MPI implementation which can efficiently handle WAN connectivity.
Both packages (and others with the same scope) are widely used in the community.
Remote steering has been an interesting target for distributed applications for a long time. It seems to be one of the
areas which could benefit significantly from the use of grid paradigms – the absence of a suitable distributed security
framework has hindered the widespread use of remote steering until now. The Reality Grid Project [13] is providing
one example of a grid-based steering infrastructure, based on the concepts of OGSA and Web Services. The Reality
Grid Project is also one of the supporters of the GGF SAGA API.
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Figure 9: Generic runtime architecture model
ICENI [21] is a grid middleware framework with an added value to the lower-level grid services. It is a system
of structured information that allows to match applications with heterogenous resources and services, in order to
maximise utilisation of the grid fabric. Applications are encapsulated in a component-based manner, which clearly
separates the provided abstraction and its possibly multiple implementations. Implementations are selected at run-
time, so as to take advantage of dynamic information, and are selected in the context of the application, rather than a
single component. This yields to an execution plan specifying the implementation selection and the resources upon
which they are to be deployed. Overall, the burden of code modification for specific grid services is shifted from the
application designer to the middleware itself.
5 Generic architecture model
Our three systems, ProActive, Ibis, and GAT, provide API functionality that partially overlaps, and partially comple-
ments each other. A much stronger similarity, however, can be observed from their software architectures, which is
due to the non-functional properties of platform independence, performance, and fault tolerance. These properties
strongly call for systems that are able to dynamically adjust themselves to the actual grid environment underneath.
Figure 9 shows the generic architecture for grid application programming environments that can address the prop-
erties identified in Section 2.
• Application code is programmed exclusively using the API’s provided by the envisioned grid application pro-
gramming environment. We distinguish between grid-aware (lower level) and grid-unaware (higher level) API’s.
Both kinds of API’s will be needed, depending on the purpose of the application. For example, one kind of ap-
plication might simply wish to use some invisible computational “power” provided by the grid (as intended
by the power grid metaphor) while others might want to interact explicitly with specific resources like given
databases or scientific instruments.
• TheAPI’s are implemented by a runtime engine. The engine’s most important task is to delegate API invocations
to the right service or resource. In the presence of transient errors and of varying performance, this delegation
becomes a non-trivial task. In fact, the runtime engine should implement sophisticated strategies to bind requests
to the best-suited service. Whereas possibly many services might fulfill a given request, the choice among them
is guided purely by non-functional properties like service availability, performance, and security level.
• Delegation to a selected service can be achieved by dynamically loaded proxies. Dynamic binding is important
for separating application programs from the actual grid execution environments. This way, applications can
also be executed in new (versions of) environments that came to existence only after an application has been
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written. Besides for platform independence, this dynamic binding is necessary for handling of transient error
conditions at runtime.
• For resource and service selection purposes, the runtime engine needs configuration information to provide the
right bindings. Current implementations (like ProActive, Ibis, and GAT) mostly rely on configuration files,
provided by system administrators, describing the properties of given machines in a grid. However, some
configuration information is of more dynamic nature and requires dynamic monitoring and information services
to provide up-to-date information. Examples are access control for users and resources, and performance data
about network connections that might impact resource selection.
It is obvious that current grid application programming environments comply only partially to this architecture.
However, with the advent of more sophisticated grid middleware, like grid component architectures, or widely de-
ployed monitoring and information services, also programming environments will be able to benefit and provide more
flexible, better performing, and failure-resilient services to applications.
6 Conclusions and future directions
Grids can be considered as distributed systems for which heterogeneity, wide-area distribution, security and trust
requirements, failure probability, as well as latency and bandwidth of communication networks are exacerbated. Such
platforms currently challenge application programmers and users. Tackling these challenges calls for significantly
advanced application programming environments.
We have identified a set of functional and non-functional properties of such future application programming envi-
ronments. Based on this set, we have analyzed existing environments, emphasizing ProActive, Ibis, and GAT, which
have been developed by the authors and their colleagues, which we also consider to be among the currently most
advanced systems.
Our analysis has shown that none of our systems curently addresses all properties. This is mostly due to the
different application scenarios for which our systems have been developed. Based on our analysis, we have identified
a generic architecture for future grid programming environments that allows building systems that will be capable of
addressing the complete set of properties, and will thus be able to overcome today’s problems and challenges.
A promising road to implementing our envisioned grid application programming environment is to explore a
component-oriented approach, as also proposed in [40]. To date, GridKit [16] seems to be unique in effectively
applying such a component-based approach to both the runtime environment and the application layer of a grid plat-
form. Most existing component-based systems address applications only, like [1, 21] or the implementation of Fractal
components using ProActive [10].
The inherent openness, introspection and reconfiguration capabilities offered by a component-oriented approach
appear promising for implementing both grid programming environments and applications that are portable, adaptive,
self-managing, and self-healing. Implementing such properties will require advanced decision taking and planning
inside the runtime engine. Applying a component-oriented approach will thus complement the generic architecture
identified in this chapter. Components will be the building blocks that ae assembled and reassembled at run time,
yielding flexible grid application environments.
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Abstract. We propose a parallel and distributed component framework
for building Grid applications, adapted to the hierarchical, highly dis-
tributed, highly heterogeneous nature of Grids. This framework is based
on ProActive, a middleware (programming model and environment)
for object oriented parallel, mobile, and distributed computing. We
have extended ProActive by implementing a hierarchical and dynamic
component model, named Fractal, so as to master the complexity of
composition, deployment, re-usability, and efficiency of grid applications.
This defines a concept of Grid components, that can be parallel, made
of several activities, and distributed. These components communicate
using typed one-to-one or collective invocations.
Keywords: Active objects, components, hierarchical components, grid
computing, deployment, dynamic configuration, group communications,
ADL.
1 Introduction
In this article, we present a contribution to the problem of software reuse and in-
tegration for distributed and parallel object-oriented applications. We especially
target grid-computing. Our approach takes the form of a programming and de-
ployment framework featuring parallel, mobile and distributed components, so
our application domains also target mobile and ubiquitous distributed comput-
ing on the Internet (where high performance, high availability, ease of use, etc.,
are of importance).
For Grid applications development, there is indeed a need also to smoothly,
seamlessly and dynamically integrate and deploy autonomous software, and for
this provide a glue in the form of a software bus. In this sense, we essentially
address the second group of Grid programmers such as defined in [1]: first group
of users are end users who program pre-packaged Grid applications by using
a simple graphical or Web interface; the second group of grid programmers are
those that know how to build Grid applications by composing them from existing
application “components”; the third group consists of the researchers that build
the individual components.
R. Meersman et al. (Eds.): CoopIS/DOA/ODBASE 2003, LNCS 2888, pp. 1226–1242, 2003.
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We share the goal of providing a component-based high-performance com-
puting solution with several projects such as: CCA [1] with the CCAT/XCAT
toolkit [2] and Ccaffeine framework, Parallel CORBA objects [3] and GridCCM
[4]. But, to our knowledge, our contribution is the first framework featuring hier-
archical distributed components. This clearly helps in mastering the complexity
of composition, deployment, re-usability required when programming and run-
ning large-scale distributed applications.
We propose a parallel and distributed component framework for building
meta-computing applications, that we think is well adapted to the hierarchical,
highly distributed, highly heterogeneous nature of grid-computing. This frame-
work is based on ProActive, a Java-based middleware (programming model and
environment) for object oriented parallel, mobile and distributed computing.
ProActive has proven to be relevant for grid computing [5] especially due to its
deployment and monitoring aspects [6] and its efficient and typed collective com-
munications [7]. We have succeeded in defining a component model for ProAc-
tive, with the implementation of the Fractal component model [8,9], mainly
taking advantage of its hierarchical approach to component programming.
Fractal is a general software composition model, implemented as a frame-
work that supports component-based programming, including hierarchical com-
ponents (type) definition, configuration, composition and administration. Fractal
is an appropriate basis for the construction of highly flexible, highly dynamic,
heterogeneous distributed environments. Indeed, a system administrator, a sys-
tem integrator or an application developer may need to dynamically construct a
system or service out of existing components, whether in response to failures, as
part of the continuous evolution of a running system, or just to introduce new
applications in a running system (a direct generalization of the dynamic bind-
ing used in standard distributed client-server applications). Nevertheless, the
requirements raised by distributed environments are not specifically addressed
by the Fractal model. Not because this is not an issue, but, because, according
to the Fractal specification, a primitive or hierarchical fractal component may
be a parallel and distributed software. So, our work also yields to a new imple-
mentation of the Fractal model that explicitly provides parallel and distributed
Fractal components.
The main achievement of this work is to design and implement a concept
of Grid Components. Grid components are recursively formed of either sequen-
tial, parallel and/or distributed sub-components, that may wrap legacy code if
needed, that may be deployed but further reconfigured and moved – for example
to tackle fault-tolerance, load-balancing, adaptability to changing environmental
conditions.
Below is a typical scenario illustrating the usefulness of our work. Assume
a complex grid software be formed of several services, say of other software
(a parallel and distributed solver, a graphical 3D renderer, etc). The design of
such a software is very much simplified if it can be considered as a hierarchical
composition (recursive assembly and binding): the solver is itself a component
composed of several components, each encompassing a piece of the computation;
the whole software is seen as a single component formed of the solver and the
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renderer. From the outside, the usage of this software is as simple as invoking
a functional service of a component (e.g. call solve-and-render). Once deployed
and running on a grid, assume that due to load balancing purposes, this software
needs to be relocated. Some of the on-going computations may just be moved
(the solver for instance), alas others depending on specific peripherals that may
not be present at the new location (the renderer for instance) may be terminated
and replaced by a new instance adapted to the target environment and offering
the same service. As the solver is itself a hierarchical component formed of several
sub-components, each encompassing an activity, we trigger the migration of the
solver as a whole, without having to explicitly move each of its sub-components,
while references towards mobile components remain valid. And once the new
graphical renderer is launched, we re-bind the software, so as it now uses this
new instance.
This paper is organized as follows: after an introduction on parallel and dis-
tributed programming with ProActive, and on the Fractal component model, the
principles and design of the proposed parallel and distributed component model
are presented. The implementation and an example are described in section 4,
while section 5 makes a comparison with related work before concluding.
2 Context
2.1 Distribution, Parallelism, Mobility, and Deployment with
ProActive
The ProActive middleware is a 100% Java library (LGPL) [10] aiming to achieve
seamless programming for concurrent, parallel, distributed and mobile comput-
ing. The main features regarding the programming model are:
– a uniform active object programming pattern
– remotely accessible objects, via method invocation
– asynchronous communications with automatic synchronization (automatic
futures for results of remote method calls). Note that asynchronicity enables
to use one-way calls for transmitting events.
– group communications, which enable to trigger method calls on a distributed
group of active objects of the same compatible type, with a dynamic genera-
tion of groups of results. It has been shown in [7] that this group communica-
tion mechanism, plus a few synchronization operations (WaitAll, WaitOne,
etc), provides quite similar patterns for collective operations such as those
available in e.g. MPI, but in a language centric approach. Here is an example:
//Object ’a’ of class A is an active remote object
V v = a.foo(param);
// remotely calls foo on object a
v.bar();
// automatically blocks on v.bar()
// until the result in v gets available.
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// ag is a group of active objects,
// of types compatible with A
V v = ag.foo(param);
// calls foo on each group member
// with some optimisation at serialization time
// V is automatically built as a group of results
v.bar();
// executes as soon as individual results
// of foo calls return
– migration (mobile computations): An active object with its pending requests
(method calls), its futures, its passive (mandatory non-shared) objects may
migrate from JVMs to JVMs. The migration may be initiated from outside
through any public method but it is the responsibility of the active object
to execute the migration (weak migration). Automatic, transparent (and
optimized) forwarding of requests and replies provide location transparency,
as remote references towards active mobile objects remain valid.
We are faced with the common difficulties in deployment regarding launching
a ProActive application in its environment. We succeed in completely avoid
scripting for configuration, getting computing resources, etc. ProActive provides,
as a key approach to the deployment problem, an abstraction from the source
code such as to gain in flexibility [6] as follows (see figure 8 for an example):
– XML Deployment Descriptors. Active objects are remotely created on JVMs,
but virtual nodes are manipulated inside the program, instead of URLs of
JVMs. The mapping of virtual nodes to effective JVMs is managed externally
through those descriptors. Descriptors also permit to define how to launch
JVMs.
– Interfaces with various protocols: rsh, ssh, LSF, Globus, Jini, RMIregistry
enable to effectively launch, register or discover JVMs according to the needs
specified in the descriptor.
– Graphical visualization and monitoring of any ongoing ProActive applica-
tion is possible through a ProActive application called IC2D (Interactive
Control and Debugging of Distribution). In particular, IC2D enables to mi-
grate executing tasks by a graphical drag-and-drop, and to create additional
JVMs.
2.2 The Fractal Component Model
The Fractal component model provides an homogeneous vision of software sys-
tems structure with a few but well defined concepts such as component, con-
troller, content, interface, binding. It also exhibits distinguishing features that
have proven useful for the present work: it is recursive – components structure
is auto-similar at any arbitrary level (hence the name ’Fractal’); it is completely
reflexive, i.e., it provides introspection and inter-cession capabilities on compo-
nents structure. These features allow for a uniform management of both the
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so-called business and technical components (which is not the case in indus-
trial component frameworks such as EJB [11] or CCM [12] which only deal with
business components).
A Fractal component is formed out of two parts: a controller and a content.
The content of a component is composed of (a finite number of) other compo-
nents, which are under the control of the controller of the enclosing component.
This allows for hierarchic components, in the sense that components may be
nested at any arbitrary level. Fractal distinguishes primitive components (typi-
cally associated to a Java class implementing functional services) and composite
components that only serve to build hierarchies of components, but without
implementing themselves functional services.
A component can interact with its environment through operations at identi-
fied access points, called interfaces. As usual, interfaces can be of two sorts: client
and server. A server interface can receive operation invocations (and return op-
eration results of two-way operations), while a client interface emits operations.
A binding is a connection between components, and more precisely between a
client and a server interface. The Fractal model comprises bindings for compos-
ite and primitive components. Bindings on client ports of primitive components
are typically implemented as language-level bindings (e.g. through type compat-
ible variable affectations of interface references). The type of a binding might
be a collective one or a single one (as default). In case of a collective one, a
component may need, for achieving its functional work, to use (thus be bound
to) a collection of components, instead of to a single component, all offering the
needed interface.
A component controller embodies the control behavior associated with a
particular component. Of importance is the following control: suspend (stop)
and resume activities of the components in its content. Stopping then resuming
is mandatory in order to dynamically change the binding between components or
the inclusion of components. The important fact is that all such non-functional
calls (stopping, resuming, binding, etc) propagates recursively to each internal
component. This prevents the user manually triggering the same call on each
sub-sub-...-sub component.
3 From Active Objects to Parallel, Distributed, and
Hierarchical Components
3.1 Evaluation of the Needs
A component must be aware of parallelism and distribution as we aim at build-
ing a grid-enabled application by hierarchical composition; indeed, we need a
glue to couple codes that probably are parallel and distributed codes as they
require high performance computing resources. Thus components should be able
to encompass more than one activity and be deployed on parallel and distributed
infrastructures. Such requirements for a component are summarized by the con-
cept we have named Grid Component.
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Figure 1 summarizes the three different cases for the structure of a Grid
component. For a composite built up as a collection of components providing
common services, (fig. 1 c)) collective communications are essential, for ease of
programming and efficiency purposes.
As general requirements, because we target high performance grid computing,
it is very important to efficiently implement point-to-point and group method
invocations, manage the deployment complexity of those components distributed
all over the grid and possibly debug, monitor and reconfigure those running
components – across the world.
3.2 ProActive Components
In the sequel, we describe the component framework we have designed and
implemented using both Fractal and ProActive. It enables to couple parallel
and distributed codes directly programmed using the Java ProActive library. A
synthetic definition of what is a ProActive component is given below.
Fig. 1. The various basic architectures for a Grid component
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Definition of a ProActive component:
• It is formed from one (or several) Active Objects,
executing on one (or several) JVM
• It provides a set of server ports (Java Interfaces)
• It possibly defines a set of client ports (Java at-
tributes if the component is primitive)
• It can be of three different types :
1. primitive : defined with Java code implement-
ing provided server interfaces, and specifying the
mechanism of client bindings.
2. composite : containing other components.
3. parallel : also a composite, but redispatching
calls to its external server interfaces towards its
inner components.
• It communicates with other components through 1-
to-1 or group communications.
ProActive components can be configured using:
• an XML descriptor (defining use/provide ports, con-
tainment and bindings in an Architecture Descrip-
tion Language style)
• the notion of virtual node, capturing the deployment
capacities and needs
Deployment of ProActive Components. Components are a way to globally ma-
nipulate distributed and running activities, and in this context, obviously, the
concept of virtual node is a very important abstraction. The additional need re-
garding the ones already solved by the deployment of active objects, is to be able
to compose virtual nodes: a composite component is defined through a number
of sub-components that already define their proper usage and mapping of virtual
nodes. What should the mapping of the composite be ? For instance on fig. 2,
when grouping two components in a new composite one, assume that each of
the two sub-components, named respectively A and B, requires to be deployed
respectively on VNa (further associated to 3 JVMs through the deployment de-
scriptor) and the same for VNb (3 other JVMs). The question is how to define
the mapping of the new composite ? Either distributed mapping is required (see
fig. 2 a)) meaning that VNa and VNb must respectively launch different JVMs
(a total of 6); or, a co-allocated mapping (see fig. 2 b)) where we try to co-locate
as much as possible one activity acting on behalf of sub-component A and one
activity acting on behalf of sub-component B within the composite C (on the
example, only 3 JVMs need to be used).
Composition of virtual nodes is thus a mean to control the distribution of
composite components.
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Fig. 2. Components versus Activities and JVMs
4 Implementation and Example
Fractal, along with the specification of a component model, also defines an API
in Java. There is a reference implementation, called Julia, and we propose a new
implementation, based on ProActive (thus providing all services offered by the
Fractal library).
4.1 Meta-object Protocol
ProActive is based on a Meta-Object Protocol (MOP)(Figure 3), that allows
to add many aspects on top of standard Java objects, such as asynchronism and
mobility. Active objects are referenced through stubs, and the communication
with them is done in the same manner, would they actually be remote or local.
The same idea is used to manage components: we just add a set of meta-
objects in charge of the component aspect (Figure 4). Of course, the standard
ProActive stub (that gives a representation of type A on the figure) is not used
here, as we manipulate components. In Fractal, a reference on a component is of
type ComponentIdentity, so we provide a new stub (that we call representative),
of type ComponentIdentity, that references the actual component. All standard
Fractal operations can then be performed on the component.
In our implementation, because we make use of the MOP’s facilities, all
components are constituted of one active object (at least), are they composite
or primitive. Of course, if the component is a composite, and if it contains other
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Java objects ’b’ and ’a’ can be in different virtual
machines (the network being represented here between
the proxy and the body, though the call might be lo-
cal).Object ’b’ has a reference on active object ’a’ (of
type A) through a stub (of type A) and a proxy. When ’b’
invokes a method on ’stub a’,the call is forwarded though
the communication layer (possibly through a network) to
the body of the active object. At this point, the call can
be intercepted by the meta-objects, possibly leading to
some induced actions, and then the call is forwarded to
the base object ’a’.
Fig. 3. ProActive’s Meta-Object Protocol.
components, then we can say it is constituted of several active objects. Also,
if the component is primitive, but the programmer of this component has put
some code within it for creating new active objects, the component is again
constituted of several active objects.
4.2 Integration within ProActive
To integrate the component management operations into the ProActive library,
we just make use of the extensible architecture of the library. This way, com-
ponents stay fully compatible with standard active objects and as such, inherit
from the features active objects have: mobility, security, deployment, etc.
A particular point for the integration of Fractal and ProActive to succeed
is the management of component requests besides functional requests. Reified
method calls, when they arrive in the body, are directed towards the queue of
requests. We assume FIFO is the processing policy. The processing of the requests
in the queue is dependent on the nature of this request, and corresponds to the
following algorithm :
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A new set of meta-objects, managing the component as-
pect (constituting the controller of the component, in
the Fractal terminology), is added to the active object
’a’, and ’b’ can manipulate the component based on ’a’
through a specific stub, called component representative,
of type ComponentIdentity. If the component is primi-
tive, ’a’ contains the functional code of the component.
Fig. 4. Component meta-objects and component representative.
loop
if componentLifeCycle.isStarted()
get next request
// all requests are served
else if componentLifeCycle.isStopped()
get next component controller request
// only component requests are served
;
if gotten request is a comp. life cycle request
if startFc --> set started = true ;
if stopFc --> set started = false ;
;
;
Note that, in the stopped state, only controller requests are served. This
means that a standard ProActive call, originating from a standard ProActive
stub, will not be processed in the ”stopped” state (but it will stay in the queue).
4.3 Collective Ports, Group Communications, and Parallel
Components
The implementation of collective ports is based on the ProActive groups API
(cf. [7]). According to the Fractal specification, this type of interfaces only has
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sense on client interface, that would like to be bound to several server interfaces.
Besides, one server interface can always be accessed by several client interfaces,
the calls being processed sequentially. Specifying a server interface as ”collective”
wouldn’t change its behavior.
The ProActive groups API allowing group communication in a transparent
manner, the implementation of the collective interfaces slightly differs from the
Fractal specification: instead of creating one new interface with an extended
name for each member of the collection, we just use one interface (that is actually
a group). Collective bindings are then performed transparently as if they were
multiple sequential bindings on the same interface. Using a collective server
interface will then imply using the ProActive group API formalism, including
the possibility to choose between scattering and broadcasting of the calls [7]. A
feature is that unbinding operations on a collective interface will result in the
removal of all the bindings of the collection.
Furthermore, because we target largely distributed and parallel applications,
we introduce a new type of component : parallel components (Figure 1 c)). These
components are composite components, as they encapsulate other components.
Their specificity relies in the behavior of their external server interfaces. These
interfaces are connectable through a group proxy to the internal components’
interfaces of the same type. This means that a call to the parallel component will
be dispatched and forwarded to a set of internal components, that will process
the requests in a parallel manner (see figure 5 a)).
4.4 Example
We present hereby an example of a component system built using our component
model implementation.
Consider the following music diffusion system : a cd-player reads music files
from a cd, and transmits them to a set of speakers situated in different rooms.
Those speakers can convert music files into music we can listen to. They are
incorporated in a parallel component, thus providing a single access interface to
them (instead of connecting the cd player’s output to each of the speakers).
Figure 6 gives an overview of the system, and represents the component
model.
The system can be configured using the ADL (Architecture Description Lan-
guage) that we provide for the components (Figure 7, coupled with the deploy-
ment descriptor, describing the physical infrastructure (Figure 8)).
When using the ADL, the configuration of the components is read from the
descriptors, and the components are automatically instantiated, assembled and
bound. Figure 9 shows an example of code used to manipulate the components,
including instantiation, control and functional operations.
5 Related Work
We compare with closest related work in spirit, i.e. high-performance computing
with composition of software components.
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Fig. 5. Group communications allowing collective bindings and parallel components
CCA. The Common Component Architecture [1] is an initiative to define min-
imal specification for scientific components, targeting parallel and distributed
infrastructures. Ideas are drawn from CCM for the sake of defining components
by provide/use ports, calls/events through the usage of a Scientific IDL (SIDL).
A toolkit of the CCA specification, called CCAT [2], provides a framework for
applications defined by binding CCA-enabled components, in which all services
(directory, registry, creation, connection, event) are themselves CCA components
(wrapping external services). An instance of this framework, XCAT, permits to
describe a component and its deployment using an XML document, which looks
very similar to what we have also defined and implemented for ProActive com-
ponents. In this XML-oriented implementation of CCA, the communication pro-
tocol used to implement the remote procedure call between a uses port method
invocation and the connected provides port remote objects is based on SOAP.
The main drawback of CCA is that the composition model is not related to any
specific underlying distributed object oriented model so that the user lacks a
clear and precise model of the composition (which is as important as having a
clear and precise programming model).
Corba Parallel Objects. The Parallel Corba model [3] targets the coupling of
objects whose execution model is parallel (in practice, a parallel object is incar-
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Fig. 6. A music diffusion system based on components
nated by a collection of sequential objects, and the execution model is SPMD;
thus invoking a method on a parallel object invokes the corresponding method
on all the objects of the collection, by scattering and redistributing arguments if
needed). An implementation, PaCO++, achieves portability through the usage
of standard CORBA IDL for object interactions. Notice that parallel and distri-
bution issues are separated, as CORBA is only used to couple distributed codes,
and parallel computations are usually managed with MPI. This is obviously an
obstacle to easy grid computing.
GridCCM. GridCCM [4], a Parallel Corba component model, is a natural exten-
sion of PaCO++ motivated by the fact that a code coupling application can be
seen as an assembly of components; however, most software component models
(except PaCO++) only support sequential component. In order to have trans-
parency in the assembly of components, a design choice was to make effective
communications between parallel components be hidden to the application de-
signer, by introducing collective ports that look like to be ordinary single-point
ports. We propose the same sort of facility: ProActive components may also be
built as parallel components by providing and using collective interfaces.
None of those approaches define hierarchical components as we have pre-
sented here. Moreover, we can encompass both parallel components in an SPMD
style, or more generally parallel and distributed components following an MIMD
execution model. We emphasize that we provide a unique infrastructure for func-
tional and parallel calls and for component management, which is an alternative
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implementation = "CdPlayer"
COMPONENTS DESCRIPTOR
// name of the Java class with the functional code of the cd player
VN = Node−player //see deployment descriptor
Primitive−component "cd−player"
signature = soundssystem.Input
interface "input"
provides
// the parallel component is just a facade to the real speakers
VN = Node−speakers
Parallel−component "speakers"
// see deployment descriptor
signature = soundssystem.Output
interface "output"
requires
signature = soundssystem.PlayerFacade
interface "control"
provides
contains
primitive−component "speaker"
// the instances (thus their number)
// deployment descriptor will specify the location of
VN = Node−speaker (cyclic)
// functional code of the speaker
implementation = "Speaker"
bind "cd−player.output" to "speakers.input"
// between client and server interfaces of the components
Bindings
// components between server interfaces of the same name
// bindings to inner components are automatic for parallel
Bindings
signature = soundssystem.Input
interface "input"
provides
Fig. 7. Using the ADL to describe a component system (format is converted from
XML)
to what is for instance done in GridCCM [4] (MPI, openMP, etc.,) for functional
and parallel codes, and Corba for component management – binding, deploy-
ment, life-cycle management, . . . ).
6 Conclusion and Perspectives
We have successfully defined and implemented a component framework for
ProActive, by applying the Fractal component model, mainly taking advantage
of its hierarchical approach to component programming.
This defines a concept of what we have called Grid components. Grid com-
ponents are formed of parallel and distributed active objects, features mobil-
ity, typed one-to-one or collective service invocations and a flexible deployment
model. They also features flexibility and dynamicity at the component definition
level.
We are working on the design of generic wrappers written in ProActive whose
aim is to encaspulate legacy parallel code (usually Fortran-MPI or C-MPI codes).
We are also working on GUI-based tools to help the end-user to manipulate
grid component based applications. Those tools will extend the IC2D monitor,
which already helps in dynamically changing the deployment defined by deploy-
ment descriptors (cf. figure 8): acquire new JVMs, drag-and-drop active objects
on the grid. We will provide interactive dynamic manipulation and monitoring
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Infrastructure
// how and where the JVMs specified above are created
process−definition "linuxJVM"
JVMProcess class=JVMNodeProcess
// this process creates a JVM on the current host
process−definition "rsh−computer1"
// and starts a JVM on the remote host
// (using the previously defined process "linuxJVM"
rshProcess class=RSHProcess host="computer1"
// computer1 could be in room1
processReference = "linuxJVM"
processReference = "linuxJVM"
rshProcess class=RSHProcess host="computer2"
// this process establishes an rsh connection
process−definition "rsh−computer2"
// computer2 could be in room2
process−definition "globus−computer1"
globusProcess class=GlobusGramProcess host="globus1"
// globus1 could be in a room abroad
processReference = "linuxJVM"
JVMs
JVM1 created by process "linuxJVM"
JVM2 created by process "rsh−computer1"
JVM3 created by process "rsh−computer2"
JVM4 created by process "globus−computer1"
Node−player −−> JVM1
// 1 VN can be mapped onto a set of JVMs
Node−speaker −−> {JVM2, JVM3, JVM4}
Node−speakers −−> JVM1
// correspondance between the names of the VNs and the JVMs
// what is behind the names of the virtual nodesDeployment
mapping
VirtualNode name = "Node−speaker" − cyclic
// cyclic: i.e. there will actually be several JVMs
VirtualNode name = "Node−speakers"
VirtualNode name = "Node−player"
DEPLOYMENT DESCRIPTOR
VirtualNodes // names of the virtual nodes
Fig. 8. Using the deployment descriptor to describe the physical infrastructure of a
component system (format is converted from XML)
Fig. 9. Using the API to manipulate components
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of the components (besides what can be done by programming as exemplified by
figure 9). For instance, it might be useful to generate an ADL such as the one
on figure 7, and subsequently dynamically modify the description of the com-
ponent application. Such tools could be integrated with computing portals and
grid infrastructure middleware for resource brokering (ICENI [13], GridT [14],
etc.), such as to build dedicated Problem Solving Environments [15].
We also investigate the following optimization: have functional method calls
(either single or collective) bypass each inner composite component of a hier-
archical component, so as to directly reach target primitive components – that
are the only ones to serve functional service invocations. There is a non-trivial
coherency problem to solve due to the concurrency of component management
method calls (in particular, re-binding calls) towards encapsulating composite
components.
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Abstract. The technology of mobile agents has proven its usefulness for
system and network management. In order to be effective, the integration
of SNMP-based operations and the use of mobility should be effective.
This paper presents a step forwards such an integration, by designing
and implementing itineraries of mixed destination types: (1) a destina-
tion type that represents a location where a mobile agent migrates (for
reaching a remote network for performance purposes, or/and for man-
aging the location using a pure Java function); (2) a destination type
that represents a location onto which the agent is not able to migrate,
but for which an SNMP-based operation must be executed through a
classical client-server interaction. The mixed usage of both kinds of des-
tinations is unified within our solution, and as such greatly simplifies the
programming of new system and network management operations.
1 Introduction
For several years now, the applicability and usefulness of mobile agent technolo-
gies for distributed System and Network Management (SNM) have been recog-
nized. One of the main point is to delegate to autonomous and possibly mobile
agents the administration tasks. As such, the network and computation loads are
distributed instead of centralized towards and on the manager host [BPW98].
The Java programming language is today the most adequate for building such
SNM platforms, as it provides: (1) a total portability on all kind of operating
systems (due to the Java Virtual Machine), (2) built-in distribution and mo-
bility management mechanisms (RMI – Remote Method Invocation–, dynamic
class loading, serialization, etc.), (3) built-in security management mechanisms
(permissions, security policies). Moreover, for this specific application domain,
SNMP operations [Sta93] can be invoked from Java programs, in particular, us-
ing the AdventNet SNMP package [Adv98]. Several academic research platforms
have been recently built in order to prove the effectiveness of Java mobile-agents
based SNM: Mole [BHSR98], MAMAS [BCS99], MAP [PT00], JAMES [SRS99],
just to mention a few.
A. Karmouch et al. (Eds.): MATA 2002, LNCS 2521, pp. 227–238, 2002.
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One of the most tedious day-to-day task for a network and system manager
is to keep the effective topology he/she has the responsability, in an up-to-
date state, mainly in order to execute health monitoring. Fault diagnosis and
network configuration are other important tasks which can also have some effect
on the effective topology of the managed whole network. Using any mobile agent
based platform for system and network management implies to first deploy the
infrastructure (daemons in order to host mobile agents). Secondly, be able to
program itineraries composed of system or network elements, Java-compliant or
not, that mobile agents must visit in order to execute their management tasks.
The aim of our work is to introduce a transparent and easy-to-use mechanism
such as to easily provide to mobile agents, up-to-date itineraries for executing
their administrative task (on all or part of network elements of whatever type,
Java or only SNMP compliant). Those itineraries will extend the common no-
tion of what is an itineray for a mobile agent (i.e., a list of computers running
a platform-specific daemon onto which a mobile agent will move to), in the fol-
lowing way: an itinerary for a SNM mobile agent will be considered as a list
of elements to visit, not only locally after a move, but also remotely through a
client-server interaction based on the classical SNMP protocol for instance. As
such, we will provide a coherent, uniform and easy-to-use programming method-
ology that solves the difficult programming problem of mixing in a same mobile
agent pure Java-based and pure SNMP-based management operations.
This programming facilities are made available into a system and manage-
ment platform we are developing [RB02], using the ProActive library also devel-
oped in our team and supported by ObjectWeb (www.objectweb.org), a consor-
tium for open source middleware . ProActive (www.inria.fr/oasis/ProActive)
is a 100% Java library for parallel, distributed, concurrent computing with se-
curity and mobility, implemented on top of RMI as the transport layer. Besides
remote method invocation services, ProActive features transparent remote ac-
tive objects, asynchronous two-way communications with transparent futures,
high-level synchronisation mechanisms, migration of active objects with pend-
ing calls and an automatic localisation mechanism to maintain connectivity for
both “requests” and “replies”. ProActive is an open libray, whose behaviour
can be modified or extended by the classical inheritance mechanisms found in
object-oriented languages. For the present work, it has been possible to extend
the way a mobile agent follows its itinerary for the case when this itinerary is
not only a list of destinations where to migrate.
In the following section, background on the model and usage of ProActive is
given, followed by a quick overview of our SNM platform that is built upon this
library for mobile code. Sections 3 and 4 detail how to build mixed itineraries and
how their usage is already pre-programmed through the definition of a generic
class. It remains only to programmers to extend this class in order to program a
new specific mobile agent for a new management operation. Before concluding,
we mention a few related works.
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2 Background
2.1 The Model of Computation, Remote Invocation
and Migration Featured by ProActive
As ProActive is built on top of standard Java APIs (Java RMI [Sun98b], the
Reflection API [Sun98a],...). It does not require any modification to the stan-
dard Java execution environment, nor does it make use of a special compiler,
preprocessor or modified virtual machine. The model of distribution and activ-
ity of ProActive is part of a larger effort to improve simplicity and reuse in the
programming of distributed and concurrent object systems [Car93,CBR96].
Base Model. A distributed or concurrent application built using ProActive is
composed of a number of medium-grained entities called active objects. Each
active object has one distinguished element, the root, which is the only entry
point to the active object. Each active object has its own thread of control and
is granted the ability to decide in which order to serve the incoming method
calls that are automatically stored in a queue of pending requests. Method calls
(see figure 1) sent to active objects are always asynchronous with transpar-
ent future objects and synchronization is handled by a mechanism known as
wait-by-necessity [Car93]. There is a short rendez-vous at the beginning of each
asynchronous remote call, which blocks the caller until the call has reached the
context of the callee (on Figure 1, step 1 blocks until step 2 has completed). The
ProActive library provides a way to migrate any active object from any JVM to
any other one through the migrateTo(...) primitive which can either be called
from the object itself or from another active object through a public method
call, and which is put into the queue of pending requests in the same way as
method calls.
Mapping Active Objects to JVMs: Nodes. Another extra service pro-
vided by ProActive (compared to Java RMI for instance) is the capability to
remotely create remotely accessible objects. For that reason, there is a need to
identify JVMs, and to add a few services. Nodes provide those extra capabil-
ities: a Node is an object defined in ProActive whose aim is to gather several
active objects in a logical entity. It provides an abstraction for the physical
location of a set of active objects. At any time, a JVM hosts one or several
nodes. The traditional way to name and handle nodes in a simple manner is to
associate them with a symbolic name, that is a URL giving their location, for in-
stance: rmi://lo.inria.fr/Node1. As an active object is actually created on a
Node we have instructions like: a = (A) ProActive.newActive("A", params,
"rmi://lo.inria.fr/Node1"). If the active object must be created on the same
Node as the one hosting the object initiating the creation, then,
a = (A) ProActive.newActive("A", params) is sufficient. Note that an active
object can also be bound dynamically to a node as the result of a migration.
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3− A future objectis created 
1− Object A performsa call to method foo
2− The request for foois appended to the queue
5− The body updates the futurewith the result of the execution of foo
6− Object A can use the resultthrought the future object
4− The thread of the bodyexecutes method foo on object B
Object B
Object BObject A
Proxy Body
Object A
Future
Result
Local node Remote node
Fig. 1. Execution of a remote method call in ProActive.
Migration of Active Objects from Nodes to Nodes. The ProActive mi-
gration mechanism [BCHV00] follows a classical weak migration model. That is,
the migration is triggered at specific points only, in the present case, when the
next element in the requests queue of the active object is a MigrateTo(...) call.
The migration involves deactivating and serializing the active object on the lo-
cal node, and then deserializing and reactivating the active object on the remote
one. More sophisticated abstractions have been built on top of the migrateTo
primitive in order to control the migration pattern with a higher level of abstrac-
tion. An example of such an abstraction is static void onArrival (String
s) which specifies as a string a method that will be executed upon arrival of
the object at a node after its migration. Respectively, onDeparture allows us
to declaratively specify code execution before migration. Finally, an itinerary
abstraction allows us to specify a list of nodes to visit with various controls:
add, requestFirst, migrationFirst, itineraryStop, itineraryRestart,
etc. This is a migrationStrategyManager’s responsability to manage the travel
of the active object according to its itinerary. For instance, if the requestFirst
behaviour has been selected (it is the default one), then, in case the active ob-
ject has pending remote method calls, then it will serve them before moving to
the next location in its itinerary. Like all ProActive classes that configure the
behaviour of an active object, the migrationStrategyManager can be extended
such as to slightly modify the behaviour: it is exactly what we will done in order
to build itineraries for System and Network Management.
2.2 Building and Maintaining the Effective Topology
of the Network
The SNM platform we have designed and implemented [RB02] is able to dynam-
ically discover all system or network elements that are reachable on the network.
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To achieve this, one mobile DiscoveryAgent (itself programmed using ProActive)
builds up a representation of the topology, by starting from an active equipment
(a hub or switch for instance), and collecting and correlating SNMP variables
of the various SNMP-enabled agents running on the current network. As such,
it will discover all network elements, hosts and other devices and the way they
are physically inter-connected. It gathers some information on each element, and
registers all this in a specific server where this will be used for building itineraries
for mobile agents as presented in the sequel. Such a server is called an Itinerary-
Server. This discovery process is then periodically re-executed in background, in
order to have an up-to-date vision of the effective topology of the network. For
each element that is discovered, the following kind of information is recorded in
the corresponding ItineraryServer: the state (alive or not); network parameters
(IP and Ethernet addresses); interface types; if this element executes an SNMP
agent (and all its associated parameters, target agent SNMP, read-mode com-
munity name, UDP port number of the SNMP agent); if this element currently
executes a ProActive Node, that is a specific daemon of our platform that could
host a ProActive mobile object dedicated to a SNM task.
As the administrative domain of the managed enterprise or institution may
be composed of several networks, the topology discovery can be launched and
executed in parallel for each network and one ItineraryServer per network main-
tains the list of discovered elements on it. ItineraryServers are able to cooperate
on demand in order to build itineraries that span several networks. Of course,
the requirement is that elements belonging to a same network will appear close
in an itinerary in order for a SNM mobile agent to avoid migrating more than
once towards a given network.
The next sections will show how to take advantage of those ItineraryServers
in order to easily program mobile agents that will execute their task by travelling
according to itineraries.
3 Design of Itineraries for System
and Network Management
3.1 Different Kinds of Destinations
The itinerary model for SNM we introduce is an extension of the basic itinerary
concept provided by ProActive (a basic itinerary is a list of NodeDestinations,
and for each, there is the ability to specify a method to execute on arrival). We
have defined a new kind of destination, called an SnmpDestination, to which
can also be associated a method to execute on arrival. An SnmpDestination
collects all required information in order to execute a remote SNMP-based man-
agement function (see 2.2). Those various destination types are collected within
a hierarchy (figure 2).
Simply extending the class Destination would enable to add a new kind of
destination, such as for instance, one in order to support the version 3 of SNMP,
or one to support the CMIP management [Sta93].
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Fig. 2. Destination Class Hierarchy.
3.2 Itinerary Manager
The purpose of an ItineraryManager is to factorize all code that is needed such
as to build up an itinerary according to the type of travel and administrative
tasks the mobile agent will be launched for: for instance, a mobile agent itineray
specific for visiting all SNMP-compliant network elements, or all printers.
All ItineraryServers will be asked to return the lists of elements or nodes
they have collected during the topology discovery. Then, those lists will be fil-
tered such as to obtain the required itinerary type. One particular itinerary
type consists in visiting only a given sub-network. In this case, only the lists
maintained by the ItineraryServer of this given sub-network will be requested.
In order to provide a set of pre-defined itinerary types, we have defined an ab-
stract ItineraryManager class from which we have extended several sub-classes,
one for each common itinerary type. Of course, new itinerary patterns may be
obtained by sub-classing ItineraryManager. During this sub-classing process,
only the method to effectively filter the lists must be implemented by the pro-
grammer. Below are listed the different pre-defined itinerary types and their
purpose:
– execute a complete management of the local network (i.e., it is assumed
that the mobile agent is started on a ProActive node belonging to this net-
work): ItineraryManagerLocalNetwork will return an itinerary collecting
all SNMP-compliant elements in this local network;
ItineraryManagerLocalNodes will return an itinerary collecting all ProAc-
tive nodes in this network, and it is assumed that all computers that must be
visited must run a ProActive node such as to subsequently host the mobile
agent,
– execute a remote management in a specific sub-network:
ItineraryManagerSubNetwork will return an itinerary collecting all SNMP-
compliant and ProActive-compliant elements; and the first element in the
itinerary is one of the ProActive remote nodes such as to host the mobile
agent for performance purposes (instead of remotely executing the manage-
ment of the subnetwork);
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– execute a remote management on all sub-networks: for obvious performance
reasons, such an itineraywill be built using ItineraryManagerWholeNetwork,
as the result of concatenating itineraries for each sub-network, of the type
ItineraryManagerSubNetwork. The purpose is that the mobile agent moves
towards a remote sub-network only once.
• ItineraryManagerAllNetwork is a restriction of the itinerary built with
ItineraryManagerWholeNetwork, to SNMP-compliant elements only;
• ItineraryManagerAllNodes is a restriction of the itinerary built with
ItineraryManagerWholeNetwork, toProActive-compliant elements only;
– execute a remote management on all sub-networks restricted to specific
types of devices (for instance, restricted to routers, printers, computers, etc):
ItineraryManagerSpecificHosts.
Fig. 3. Network diagram, showing the migration path and the SNMP traffic resulting
from the itinerary built on table 1, such as to be manage all elements.
Figure 3 shows an example of a network that is built up with two sub-
networks connecting elements that are only SNMP-compliant, Java-compliant
or both. Suppose that we want to program a mobile agent such as to visit all
those elements, then, using the right sub-class of ItineraryManager, an SNM
itinerary such as the one shown in table 1 will be built. Notice for instance
that it might be the case that an itinerary element (Yate for instance) acts as
a recipient for the mobile agent but gets also managed using SNMP operations
(in which case, two Destinations in the itinerary will be present).
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Table 1. An Itinerary obtained with the ItineraryManagerWholeNetwork class for the
network shown on figure 3.
Type of Action Element identification OS Type Type of Destination
Home
NodeDestination Yate
Migration Koumac Linux NodeDestination
Client-Server Koumac UCD-SNMP SnmpDestination
Client-Server Server WinNt SnmpDestination
Client-Server PC Win95 SnmpDestination
Client-Server Server WinNt SnmpDestination
Client-Server Network Printer HP SnmpDestination
Client-Server Server WinNt SnmpDestination
Client-Server Router Cisco SnmpDestination
Client-Server Server WinNt SnmpDestination
Client-Server Print Server HP SnmpDestination
Client-Server Server WinNt Term. Server SnmpDestination
Client-Server Server Sco Openserver SnmpDestination
Migration Yate Win XP NodeDestination
Client-Server Yate SnmpDestination
Client-Server Bourail Free BSD SnmpDestination
End NodeDestination Yate
4 A Programming Model for a Mobile Agent Travelling
According to a SNM Itinerary
The purpose is to provide to end-users a framework that may them help to easily
develop new agents for system and network management, under the plaform
we provide built upon ProActive. The idea is to mask as much as possible the
heterogeneity of elements that must be managed and the travelling from elements
to elements. Moreover, while an agent is following its itinerary, any other object
must be able to remotely communicate with it if required. In this perspective,
we provide the definition of a generic Java class, called Agent (see code on figure
4), from which active and mobile objects will be instanciated. As those objects
are ProActive objects, they may execute pending remote method calls between
considering any two Destinations in their itinerary. We will now detail those
aspects.
Automatic travel of the mobile agent following an itinerary. As soon as the itin-
eray is built up, the mobile agent will automatically be able to travel according
to it. The specific migrationStrategyManager that we have tuned, in order
to be in charge of itineraries mixing NodeDestination and SnmpDestination,
will be in charge of that: when the next Destination is not a ProActive com-
pliant element, then, no migration arises; each time the mobile agent reaches
a NodeDestination, a method named nodeOnArrival gets automatically ex-
ecuted; each time it reaches a SnmpDestination, the method whose name is
snmpOnArrival gets executed instead. This behaviour is automatically obtained
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public class Agent implements java.io.Serializable {
// the Destinations
protected Destination dest;
protected SnmpDestination snmpDest;
protected NodeDestination nodeDest;
private ItineraryManager itiManager; // my ItineraryManager
private ArrayList visitedNodes; // collected visited nodes
// constructor
public Agent() {}
public ArrayList getVisitedNodes() {
return visitedNodes;
}
public void setCurrentDestination() {
// automatically called by the migrationStrategyManager, in order to
// set the Destination to the appropriate variable, e.g. NodeDestination
// or SnmpDestination, and record the Destination visited
dest = itiManager.getCurrentDestination();
if (dest instanceof NodeDestination)
nodeDest = (NodeDestination) dest;
else snmpDest = (SnmpDestination) dest;
visitedNodes.add(dest.toString());
}
public void nodeOnArrival(){};// what to do for a NodeDestination
public void snmpOnArrival(){};// what to do for a SnmpDestination
// Prepare the itinerary
public void prepareItinerary(String itineraryServerHome,ItineraryManager itiManager) {
// Record the ItineraryManager that must be used
this.itiManager=itiManager;
// ask it to build the required itinerary
itiManager.prepareItinerary(itineraryServerHome);
}
// start to follow the itinerary
public void startItinerary() {
// start the travel
}
// add an urgent Destination to visit
public void addUrgentDestination(Destination destination) {
// the next Destination will be the new one
itiManager.addUrgentDestination(destination);
}
// what to do at the end of the itinerary, if necessary
public void atTheEnd(String methodName, Node homeNode) {
itiManager.setEndMethod(methodName, homeNode);
}
}// end of class Agent
Fig. 4. Generic Class Agent.
through the fact that the mobile agent extends the generic SNM agent class we
provide, named Agent (see code on figure 4).
Remote communication with a mobile agent. As already mentioned, as mobile
agents implement the programming model featured by ProActive, which gener-
alizes the usual Java RMI mechanism, then, it is possible to remotely commu-
nicate with any travelling agent. For instance, it might be very useful to ask
a mobile agent to take into account an urgent destination (by calling for in-
stance the addUrgentDestination(...) method predefined by the Agent class.
As explained in section 2.1, this method call will be executed before the next
Destination in the itinerary gets visited.
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public class AgentMix extends Agent implements java.io.Serializable {
List AllMemInfo = new ArrayList();
List AllArplTable = new ArrayList();
public AgentMix() {}
public void nodeOnArrival() { // implements Agent.nodeOnArrival
SystemResources sr = new SystemResources();
// Gets TOTAL MEM, USED MEM, FREE MEM into a String
AllMemInfo.add(nodeDest.getURL()+sr.toString());
}
public void snmpOnArrival() { // implements Agent.snmpOnArrival
// gets the SNMP MIB Table ip.ipNetToMediaTable
AllArplTable.addAll(new IpMacTable(snmpDest).getArpTable());
}
// Display the collected Data
public void displayData() {
System.out.println("Data collected :"+AllMemInfo+"\n"+AllArplTable);
}
// return "partial" results, in the sense that the agent may not have terminated its travel
public List getPartialResult() {
return AllMemInfo;
}
}
Fig. 5. Scenario for an SNM agent extending Agent: it collects some Operating System
Resources on each Java-compliant host and the ARP Table on each SNMP-compliant
network element.
Easy Programming of a New Mobile Agent
The only programming effort required for developing a new SNM agent (such
as the one shown for instance on the code in figure 5) is to extend Agent and
overrides the implementation of either the nodeOnArrival (in standard Java) or
textttsnmpOnArrival methods (using the AdventNet SNMP package), or both,
if the agent may execute both kinds of management operations. On the given
example, the class AgentMix enables to collect some memory usage information
for ProActive-compliant hosts (generally, computers), and to collect some vari-
ables stored in the SNMP MIB (here, ip.ipNetToMediaTable representing the
MAC-IP table of the network element).
For launching a mobile agent executing this new management operation,
then, the only requirement is to create this new active object, designate the
required itineray type (by creating and passing an instance of the adequate
ItineraryManager sub-class), and initiate the travel (see code on figure 6 for
instance). Notice that the same agent may be reused and given an other kind of
itineray, by just passing it an other instance of a ItineraryManager sub-class.
5 Related Work
In none of the SNM platforms we have studied, the idea of how to build an
itinerary that will sustain the travel of a mobile agent has been explored so
deeply as here. Sometimes, the itinerary is manually given by the graphical user
interface the manager is sitting in front of, or, read in a text file. In other cases,
such as in [OMDGG99], [GDM00], new elements are automatically recorded on
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import org.objectweb.proactive.ProActive;
import org.objectweb.proactive.core.node.NodeFactory;
import mgt.agents.AgentMix;
public class Launch {
public static void main(String args[]) {
try {
AgentMix mobileAgent = (AgentMix)ProActive.newActive("mgt.agents.AgentMix", null);
mobileAgent.prepareItinerary(args[0], new mgt.itinerary.ItineraryManagerLocalNetwork());
// NodeFactory.getDefaultNode is the ProActive Node onto the current JVM
mobileAgent.atTheEnd("displayData", NodeFactory.getDefaultNode());
mobileAgent.startItinerary();
// do a job in parallel for instance
List partialResult=mobileAgent.getPartialResult();
} catch (Exception e) { e.printStackTrace(); }
}
}
Fig. 6. How to launch a mobile agent: for instance here, an agent of the AgentMix
class that will manage the local network.
the management workstation, such as to automatically build accurate itineraries
for SNM mobile agents. But, it is restricted to locations able to host mobile
agents, so the problem of visiting non-Java elements is not addressed at all.
To our knowledge, the idea of mixing and uniformely use different types of
destinations that trigger different kinds of management methods, in the same
itinerary, is new.
To our knowledge, only a few libraries for mobile agent programming in-
troduce more structured itinerary patterns. For instance, the Ajanta library
[TKA+02] features an itinerary description as a sequence of elements. Each ele-
ment can either describe a single destination, or recursively a collection of des-
tinations. The effective travel of a mobile agent will be structured in the same
way.
6 Conclusion
We have introduced a new pattern for mobile agent itineraries, that proves to
be particularily adapted to system and network management operations: indeed,
in this kind of telecommunications application domain, the heterogeneity of ele-
ments is important, even with the wide acceptance and usage of the SNMP pro-
tocol. Our solution enables to mix several destinations into the same itinerary.
If one would need to add an other kind of destination, such as CMIP for in-
stance, only few classes should be extended or added: define a new adequate
migrationStrategyManager, define adequate new sub-classes of Destination and
ItineraryManager. Of course, the topology discovery mechanism provided by
our SNM platform should also be extended such as to register this new type of
element.
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Abstract
This paper presents our research into determining an
adaptive and an up-to-date service developed for system
and network management. By using a discovery process,
the effective network topology is recorded and refreshed
as necessary. In that way, by mixing collected information
at each sub-network for example, an itinerary can be ob-
tained that spans the whole administrative domain. Based
on such possibility, we have developed a pre-programmed
library that can be easily used in order to obtain a
Mobile Agent for Network and System Management whose
itinerary is dynamic.
I. Introduction
For several years now, the applicability and usefulness
of mobile agent technologies for distributed System and
Network Management (SNM) have been recognized. One
of the main points is to delegate to autonomous and
possibly mobile agents the administration tasks, as such,
distributing the network and computation loads instead of
centralizing them towards and on the manager host [1]. For
a recent discussion of advantages of mobile agent based
approaches in SNM, refer to [2].
The Java programming language is today the most
adequate for building such SNM platforms, as it provides:
(1) a total portability on all kind of operating systems
(due to the Java Virtual Machine), (2) built-in distribution
and mobility management mechanisms (RMI – Remote
Method Invocation–, dynamic class loading, serialization,
etc.), (3) built-in security management mechanisms (per-
missions, security policies). Moreover, for this specific
application domain, SNMP operations can be invoked from
Java programs, in particular, using the AdventNet SNMP
package [3].
Several academic research platforms have been recently
built in order to prove the effectiveness of Java mobile-
agents based SNM: Mole [4], MAMAS [5], MAP [6],
just to mention a few. They all have as a prerequisite
the following: prior to the execution of any management
operation, the network and system elements must run a
daemon specific to the SNM platform, in order to be able
to host a mobile agent. The daemon’s role is to control the
arrival and departure of mobile agents that come in order
to execute their management operations locally, control
their life-cycle and the multi-agent coordination. This of
course requires that the system or the network element
be Java-compliant to run this specific platform daemon.
The management function is not mandatory pure JVM
operations because it can be mixed with SNMP operations
thanks to the Java/SNMP API.
However, in realistic infrastructures, network and sys-
tem elements that the supervisor must manage are het-
erogeneous in the sense that not all of them are Java
compliant (for instance, routers, printers are not currently
able to execute JVMs); nevertheless, one can assume
that they all run a standard SNMP agent, which can be
remotely monitored through the SNMP protocol. Also
in realistic infrastructures, the effective topology of the
interconnected network and system elements is dynamic,
as devices or computers may be up or down, devices or
laptops may be added or removed, etc. Those elements may
be part of different sub-networks (i.e., LANs), probably
interconnected by higher latency and slower bandwidth
links (i.e. WANs), as for instance in a multi-national or
multi-regional enterprise.
One of the most tedious day-to-day task for a network
and system manager is to keep the effective topology
he/she has the responsibility, in an up-to-date state, mainly
in order to execute health monitoring. Fault diagnosis and
network configuration are other important tasks which can
also have some effect of the effective topology of the
managed whole network.
Using any of the above mentioned mobile agent based
platform implies to first deploy the infrastructure (dae-
mons) and then to be able to tell a mobile agent which
system or network elements it must visit in order to
locally run the management function. As the topology may
dynamically change and as some of the elements that must
be managed can not be able to host a Java mobile agent,
we think that those platforms lack some functionalities in
order to be applicable for realistic infrastructures.
II. Approach
In order to solve those real-world problems, our ap-
proach takes the form of a mobile agent based SNM
platform which:
(1) automatically maintains an up-to-date effective
topology of the network under management, which is
composed of either SNMP compliant or Java-plus-SNMP
compliant elements, structured into several sub-networks.
In each sub-network, the communication bandwidth is
assumed to be high enough such as to avoid using one
mobile agent visiting each element in turn. Instead, one
mobile agent could be moved on any one of the possible
hosts running a platform specific daemon, and remotely
execute the function on every element of the sub-network
using the standard SNMP operations.
(2) provides to the mobile agent programmer, an API
for building various itineraries [7] for mobile agents that
reflect the up-to-date effective topology or part of it. Those
itineraries are built up with two types of destinations: a
destination type onto which the mobile agent can effec-
tively move to1 and then, if required, locally execute one
pure Java or SNMP-based management function; an other
“destination” type for which a SNMP-based management
function will be remotely triggered, as it is not possible to
host the mobile agent (either because the element is not
Java-compliant, or it is not running the platform specific
daemon). In this second type, the SNMP management
function is remotely triggered by the mobile agent, from
a destination of the first type it is currently located on.
Our SNM platform is built with ProActive, a 100% pure
Java library for mobile and distributed computing based on
active objects (www.inria.fr/oasis/ProActive)
[8]. As ProActive’s aim is to ease distributed programming
(for instance, by abstracting away from synchronization
and management of method invocations among remote
active objects), extending the SNM platform with new
management functions should be readily affordable to sys-
tem and network managers and end-users of the platform.
1this is the usual sense of what is a destination in a mobile-agent
itinerary
This paper will not specifically focus on the programming
methodology, but instead, we will explain in section III
how we build and maintain the effective topology, and in
section IV, how itineraries are built in relation with the ef-
fective topology and transparently used by a mobile agent
which “moves” from destination to destination in such
itineraries. Section V studies some performance tradeoffs
between pure SNMP remote management compared with
this mixing of mobile agent and SNMP based management,
on a real test bed. Section VI concludes while comparing
with related works.
III. Building and maintaining the effective
topology of the network
The purpose is to dynamically discover all system or
network elements that are reachable on the network, gather
some information on each element, and register all this
in a specific server where this will be used for building
itineraries for mobile agents. Such a server is called an
ItineraryServer. This discovery process is then periodically
re-executed in background, in order to have an up-to-date
vision of the effective topology of the network.
A. Implementation
In the following, we consider a network as an IP subnet.
Of course, the administrative domain of the managed
enterprise may be composed of several networks,
A DiscoveryAgent programmed as a ProActive active
and mobile object is in charge of the discovery of elements
of a network, using only SNMP queries. The first and only
element that needs to be queried in order to discover all
other elements in the network is a piece of active equip-
ment such as a seed router or a switch with a SNMP agent.
Indeed, as such an active equipment systematically records
all Ethernet addresses of the alive hosts on the network,
it is enough to read and to correlate the corresponding
SNMP MIB variables (e.g. ip.ipNetToMediaTable,
dot1dtBridge) in order to build the topology of the
network (the list of elements and the way they are inter-
connected). Nevertheless, it is necessary to filter those data
(pairs IP/Ethernet addresses) such as to avoid to scan an IP
subnet different as the current one. For each element that is
discovered, the following kind of information is recorded
in the ItineraryServer associated to each DiscoveryAgent:
the state (alive or not); network parameters (IP and Ether-
net addresses); interface types; if this element executes an
SNMP agent; if this element currently executes a ProActive
node, that is a specific daemon of our platform that could
host a ProActive mobile object dedicated to a SNM task.
The DiscoveryAgent executing the discovery process
must run on a ProActive node that may be local to the
Fig. 1. Discovery of the topology of network B,
by remote SNMP investigation from network A
(step 1), or by local SNMP investigation after
the DiscoveryAgent was able to migrate from
network A to network B (step 2).
current network or not. For instance, this ProActive node
may be the one which hosts the GUI (also a ProActive
active object), but it is not mandatory. However, if during
the discovery process of a remote network, the Discov-
eryAgent locates a ProActive node, it migrates (and its
associated ItineraryServer also) onto this node. As such,
the discovery process of the network executes locally and
so ends up faster (figure 1). On the contrary to some other
SNM platforms, we do not need to make the assumption
that prior to use2 we already have at least one daemon
specific to the platform running on each network.
IV. Building and using itineraries for man-
agement tasks by mobile agents
A. General idea and principles
An itinerary is a mixing of destinations onto which a
SNM agent will effectively migrate and execute some Java
or SNMP code on arrival, and of destinations that only
represent elements for which the SNM task must take
place without a move of the mobile agent (this requires
the presence of an SNMP agent on those elements).
Instructions for an SNMP agent will be triggered through a
2use in the broad sense, including the discovery process
classical SNMP client-server interaction, originating from
the mobile SNM agent, wherever the host it is actually
located (it can be running on the same host, or it can be
running on a host on the same network or even be located
on a different network).
ItineraryServers are able to cooperate on demand in
order to build itineraries that span several networks. Of
course, elements belonging to the same network will
appear close in an itinerary in order for a SNM mobile
agent to avoid migrating more than once towards a given
network.
By requesting the up-to-date information recorded in
the local ItineraryServer (which itself queries the others
ItineraryServers if required), any mobile agent can be
provided with an itinerary that will enable to apply the
SNM function to a set of elements, for instance:
  in an SNMP way only, inside the current network or
among several networks (without any migration),
  in a mixed SNMP-Java way inside the same network
(without any migration, except one in order to reach
a ProActive node in the target network),
  in a mixed SNMP-Java way among several networks
(with at least one migration for reaching every net-
work in turn).
B. Structure and usage of an itinerary
An itinerary is a list of Destinations, which can
either be a NodeDestination or a SNMPDestination.
Each destination must provide the following informa-
tion: an identifier of the destination, and an identifier of
a method name that must be executed on arrival. For
instance: <’’//koumac/node/’’, ’’echo’’> for
a NodeDestination, <’’Bourail’’, ’’public’’,
’’snmpOnArrival’’> for a SNMPDestination (see
Code in figure 2). As the SNM itineraries are built upon
the basic ProActive mobile object itineraries, we were
constrained by the fact that the method to execute on
arrival can not contain any parameter. But, it is not very
restrictive as while executing this method, the active object
can locally trigger the execution of an other method with
parameters (when an active object migrates, all its state is
preserved).
An ItineraryManager is a class that provides some
programming functions and as such serves as an interface
between the SNM agent and the ItineraryServer. Upon
creation, the agent provides some information regarding
the type of itinerary it will need for visiting the system
or network elements (e.g. MIX in the code in figure 2).
Then, in order to effectively obtain the itinerary it must
follow, it just calls one specific method defined in the
ItineraryManager class (i.e. setItinerary which is in charge
of querying myLocalItineraryServer), after that, it
only has to initiate the start of its ”visit” of all elements
in the itinerary.
At any time, thanks to a method call originating for
instance from an other mobile agent or from the GUI
running on the host manager, the SNM agent (its Itinerary-
Manager) may be told to insert into its itinerary a new
Destination, possibly in front of the itinerary. This is an
easy way of forcing an agent to go back home for instance,
or to urgently manage an element.
public class MyAgent implements java.io.serializable {
// Triggered for a NodeDestination
public void echo() {
System.out.println("MyAgent.echo()");
}
// Triggered for a SNMPDestination
public void snmpOnArrival() {
// Gets SNMP parameters from ItineraryManager
SNMPDestination snmpDest = (SNMPDestination)
itiManager.getCurrentDestination();
// do your SNM job !
}
// Prepare and start to follow an Itinerary
public void start(String myLocalItineraryServer) {
// Create an ItineraryManager
itiManager = new ItineraryManager(MIX);
// Set the home for locating our local
// network ItineraryServer
// and prepare for our test an itinerary
// in order to ’visit’ all the networks
itiManager.setItinerary(myLocalItineraryServer);
// Ask the ItineraryManager to start the migration
itiManager.startItinerary();
}
public static void main(String args[]) {
try {
// Create an Active Object
MyAgent myAgent = (MyAgent)
ProActive.newActive("mgt.agents.MyAgent", null);
// prepare the itinerary and go !
myAgent.start(args[0]);
} catch (Exception e) { e.printStackTrace(); }
} // main
}// end of class MyAgent
Fig. 2. Code Example of a mobile agent and a
transparent itinerary usage
V. Performance Evaluation
As itineraries built with our platform can mix remote
SNMP management or local SNMP management after a
migration on the host, we have studied tradeoffs of such
mixing. The tradeoffs depend on the bandwidth of the links
that connect networks (in our case, 2 networks), on the size
of the mobile agent when it must cross this link in order to
reach some other network, on the size of the data collected
by the SNMP management function (either a fix number of
SNMP variables, or a variable number as when collecting a
routing table for instance). Moreover, the purpose of those
evaluations is to check that our SNM platform behaves
correctly and yields reasonable performances for realistic
infrastructures.
A. Benchmark Configuration
In our test-bed, there are two networks (see figure 3).
In network A, two computers (Yate and Bourail) and
in the other, eleven computers of different power and
capabilities. Those machines are PCs (running Win95,
Linux, WinNT, Sco OpenServer, WinNT Terminal Server),
Network Printers (HP 4100 and HP 2100) all executing an
SNMP agent. In order to make the network bandwidth
between the two local LANs varies, we have used a
Pentium at 133Mhz (Bourail) running a Free BSD op-
erating system with ip dummynet (a bandwidth limiter)
[9] (fig 3). As such, we could simulate a 50Kbps up to
a 10Mbps link connecting both LANs. Each network is a
100Mbps switched Ethernet LAN.
In order to simulate a bigger configuration, longer
itineraries are obtained by increasing the number of round
trips. In the case of the itinerary using mobility, each round
trip is as follows: one migration at the start to go from
the workstation Yate to Koumac and one at the end to
go back to the initial ProActive node on Yate. Notice
that we do not empty the agent when it comes back on
Yate, because the purpose is to simulate an itinerary that
spans a whole administrative domain compound of several
networks interconnected by low bandwidth links. As such,
its size will grow. Of course, previous work has already
pointed out a possible improvement: empty (or temporarily
store) the data the mobile agent is carrying out with
it before migrating again [10]. Alternatively, provide an
itinerary whose pattern is a star-shape route [11], where the
mobile agent migrates back and forth between the central
node and the other nodes, just to deliver its results3. In our
framework, we also might program a remote method call
between the agent and the source node, such as to transmit
the results before migrating to the next network. However,
it is not the purpose here to evaluate those optimizations or
alternative traveling patterns. In the case of the itinerary not
using mobility, each round trip is as follows: each element
mentioned in the itinerary is a SNMPDestination, and as
such, all SNMP read operations have to be executed from
Yate, whatever be the number of networks.
B. Comparison between remote SNMP function
and mobile agent plus local SNMP function
The first SNMP function we have programmed is to
read onto each element mentioned in the itinerary, a fixed
number of SNMP variables that lie in the System MIB-II
branch (e.g. system.sysDescr).
When the link bandwidth is equal to 50Kbps, as when
for instance the host manager is running on a laptop
3Such an itinerary type can easily be provided by extending the
ItineraryManager class
Fig. 3. Network diagram
connected to the network with such a very low bandwidth
connection, figure 4 proves that classical SNMP monitor-
ing shows better performances. Indeed, in the mobile agent
based experiment, the performance is constrained by the
migration performance: the mobile agent migrates twice
at each round trip and its size grows with the number
of visited hosts. As such, its migration is especially time
consuming on a low bandwidth link. The same behaviour
can be observed as when the link bandwidth is equal to
100Kbps. However, as soon as the link bandwidth exceeds
1Mbps (as for 5Mbps as shown on figure 4) both kinds
of experiments have the same duration: the growing size
of the agent is no more a bottleneck for the usage of
mobility in the itinerary. If the total amount of information
read in the SNMP MIBs increases (e.g. ip.ipRouteTable
and ip.ipNetToMediaTable), then the link bandwidth might
be the limiting factor even for the pure SNMP-based
experiment (see figure 5): in this case, the experiment does
not not take advantage of the effect of proximity (proximity
means that the read operations in the MIBs of network
elements are triggered locally from a host located in the
same network instead of remotely, from the initial host for
instance).
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VI. Discussion and conclusions
Distributed SNM platforms using mobile agents are
useful and even efficient in a wide range of hardware
configurations, especially when the links interconnecting
networks are of low bandwidth, and the output data size
of SNM tasks are huge: it is then possible to aggregate
and maybe compress and filter those data at the place
or in the same network where they have been collected,
before sending them back to the manager host. Such
considerations and conlusions had already been made for
instance in [12], [13], [14] but we had to check that the
same behaviour occurs within our SNM platform. Many
models have been defined in [14] in order to characterize
SNM applications: the itinerary pattern mixing migration
and SNMP retrieval of information we have introduced
could correspond to a new model combining the Static
Centralized (SC) and Migratory (MG) ones, taking ad-
vantage of proximity and locality. Nevertheless, we have
not yet studied the usage and effect of distribution in
our SNM platform, as evaluated in [14]. However, as the
ProActive library does provide the notion of groups of
mobile active objects [15], it should be feasible to create
a group and to dynamically provide to each peer one
itinerary that spans a given part of the network. Then,
each peer would independently follow its own itinerary,
and peers might also be able to communicate in order
to aggregate, correlate and exchange the collected data.
This pattern of SNM can be modeled by an extension of
the Static Delegated (SD) model [14], in which an agent
collecting information is not static but can migrate towards
an other network or towards the manager host, or even
within its assigned network if necessary.
Another important focus of our SNM platform is the
ease of deployment of the support infrastructure for mobile
agents. Indeed, it is very constraining if the requirement
is to install and run a mobile agent support for every
managed element prior executing any SNM task4. Thanks
to the itinerary pattern we have introduced, it is not manda-
tory to meet this requirement. As the dynamic discovery
of the topology of the administrative domain executes,
running ProActive nodes will be located and registered
into ItineraryServers so as to subsequently be included as
NodeDestinations into mobile agent itineraries. However,
if no ProActive node is found on a given network, then,
all its elements can still be managed using a classical SC
model.
Arguments for isolating the behavioral logic part from
the itinerary part of mobile agents, as done here, include
the one mentioned in [11]: building an efficient itinerary
customized for each different network is a time-consuming
and difficult operation without any knowledge of the
network. We can add the following argument: traveling
along an itinerary that reflects an up-to-date topology is
impossible if the itinerary is statically embedded in the
agent at programming time or at the time of the SNM
platform deployment. Solutions to both problems rely on
mobile agents dynamically retrieving their itinerary from
some predefined entities (AgentPools and NavigatorAgents
in [11], ItineraryServers in the present work), whose task
is to manage and combine information about the network.
It would be possible to implement the first of the above
mentioned arguments by adequate computations within
ItineraryServers at the end of each new topology discovery
process execution.
4However, we must assume that every managed element runs an SNMP
agent, if it does not run a ProActive node
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Chapitre 1
Curriculum Vitae
Franc¸oise Baude
Maˆıtre de Confe´rences
Universite´ de Nice Sophia Antipolis - I3S - C.N.R.S. UMR 6070
INRIA Sophia-Antipolis
2004 route des Lucioles, B.P. 93, F-06902 Sophia Antipolis Cedex
04 92 38 76 71, Fax. : 04 92 38 76 44
baude@unice.fr
http ://www.inria.fr/oasis/Francoise.Baude/
1.1 E´tat civil
Nom : Baude e´pouse Dreysse
Pre´nom : Franc¸oise
Ne´e le : 30 Mars 1966 a` Laxou (54)
Nationalite´ : Franc¸aise
Situation de famille : marie´e, 2 enfants, ne´s en 1996 et 1997.
1.2 Formation et diploˆmes
– Licence - Maˆıtrise Informatique (Juin 1987), Universite´ des Sciences et
Techniques du Languedoc (USTL), Montpellier
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– DEA Informatique option bases de donne´es et syste`mes distribue´s (Juin
1988), mention AB, USTL Montpellier
Sujet de recherche : Controˆle de concurrence dans les syste`mes dis-
tribue´s.
– Doctorat en Sciences de l’Universite´ de Paris-Sud (De´cembre 1991),
“Utilisation du paradigme acteur pour le calcul paralle`le”,
Pre´sident : J.-P. Sansonnet, Rapporteurs : G. Agha, M. Habib, Exami-
nateur : J.-P. Briot, Directeur : G. Vidal-Naquet.
1.3 Activite´s professionnelles
– Octobre 88 a` De´cembre 91 : Doctorante avec une bourse CIFRE au
sein d’Alcatel-Alsthom Recherche, Marcoussis
– De´cembre 91 a` De´cembre 92 : Post-doctorat finance´ par une bourse
INRIA
Department of Computer Science, University of Warwick, Coventry UK
(de´cembre 91 a` juin 92)
Department of Computing and Information Science, Queen’s Univer-
sity, Kingston Canada (juin a` de´cembre 92)
– Octobre 92 a` Septembre 93 : ATER a` l’Universite´ de Paris-Sud (Faculte´
des Sciences, De´partement Informatique), recherches mene´es au sein du
laboratoire LRI (URA CNRS 410).
– Depuis Octobre 93 : Maˆıtre de Confe´rences a` l’Universite´ de Nice -
Sophia Antipolis (Faculte´ des Sciences, De´partement Informatique),
recherches mene´es au sein du laboratoire CNRS I3S (UMR 6070).
– D’Octobre 95 a` De´cembre 98 : membre du projet SLOOP (Simulation,
Langages a` Objets et Paralle´lisme), projet commun Universite´ de Nice
Sophia Antipolis/CNRS I3S/INRIA Sophia Antipolis.
– Depuis Janvier 1999 : membre du projet OASIS (Objets Actifs, Se´man-
tique, Internet et Se´curite´), projet commun Universite´ de Nice Sophia
Antipolis/CNRS I3S/INRIA Sophia Antipolis.
– En de´le´gation a` l’INRIA Sophia-Antipolis, dans l’e´quipe OASIS, de
Septembre 2004 a` Septembre 2006.
– Titulaire d’une Prime d’Encadrement Doctoral et de Recherche depuis
Octobre 2001, renouvele´e en Octobre 2005.
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1.4 Conseils et commissions
– Membre e´lu de la Commission de Spe´cialistes de la 27e`me section de
l’Universite´ de Nice - Sophia Antipolis, de Mars 1995 a` Mars 1998, puis
a` nouveau depuis Mars 2000.
– Repre´sentante supple´ante puis permanente (depuis janvier 2005) de
l’e´quipe OASIS au comite´ des projets de l’I3S.
– Membre du comite´ de pilotage du poˆle GSP (Grille, Syste`me et Pa-
ralle´lisme) du GDR (Groupement De Recherche) ASR (Architectures,
Syste`mes, Re´seaux) du CNRS, a` partir de 2006
1.5 Activite´s d’Enseignement
1.5.1 Participation aux charges administratives lie´es a`
l’enseignement
– Depuis septembre 2000 et jusqu’en septembre 2004, coordinatrice de la
licence d’informatique de l’UNSA (environ 80 e´tudiants par an).
– De septembre 2002 a` septembre 2003, coordinatrice de la maitrise d’in-
formatique de l’UNSA (65 e´tudiants), en remplacement ”au pied leve´”
du coordinateur initialement pre´vu.
– Pour l’anne´e universitaire 1998-1999, responsable de la re´partition des
enseignements entre les diffe´rents vacataires intervenant au sein du
de´partement d’informatique de la faculte´ des sciences de l’UNSA.
Coordonner des filie`res ne´cessite entre autre chose :
– la participation a` la de´finition des maquettes, de manie`re consensuelle
avec les e´quipes pe´dagogiques,
– l’organisation du calendrier et des emplois du temps,
– la pre´paration des jurys et leur conduite,
– et surtout, le suivi personnalise´ des e´tudiants (notamment des e´tudiants
en difficulte´, ou n’ayant pas un parcours classique).
1.5.2 Enseignements dispense´s
Depuis ma nomination sur un poste de maˆıtre de confe´rences a` l’UNSA
en octobre 1993, j’ai eu a` mettre en place un certain nombre d’enseignements
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en premier, second et troisie`me cycles (re´daction du cours, des sujets de TDs
et de TPs, sujets d’examen et de projets le cas e´che´ant, encadrement des
e´quipes pe´dagogiques, etc). Depuis ma de´le´gation a` l’INRIA obtenue en sep-
tembre 2004, pour 2 ans, j’ai continue´ a` enseigner en troisie`me cycle Master
Recherche.
Le tableau ci-dessous pre´sente de manie`re synthe´tique les diffe´rents enseigne-
ments que j’ai dirige´s et dispense´s.
1er cycle Internet et Bureau-
tique
20h TP Tronc-commun deugs
MIAS-SM-MASS premie`re
anne´e (800 e´tudiants)
Outils Formels pour
l’Informatique
28h C-28h
TD
Deug MIAS, men-
tion Mathe´matique-
Informatique 2e`me anne´e
Syste`mes Informa-
tiques
28h C-14h
TP
Deug MIAS, men-
tion Mathe´matique-
Informatique 2e`me anne´e
Concepts des syste`mes
d’exploitation
12h C-12h
TD
IUP MIAGE 1e`re anne´e
2eme cycle Gestion des ressources
et de la concurrence
16h C-16h
TD-8h TP
Licence Informatique
Utilisation avance´e des
syste`mes d’exploitation
10h C-8h
TP
Licence Informatique
Syste`mes distribue´s 12h C IUP MIAGE 3e`me anne´e
3eme cycle Environnements et Al-
gorithmique Paralle`le
et Distribue´e
15hC-8h
TP
ESSI 3e`me anne´e, filie`re
Syste`mes et Architectures
Re´parties
Utilisation et principes
des syste`mes d’exploi-
tation
9h C-12h
TP
Mise a` niveau - DESS
Te´le´communications
Algorithmique Dis-
tribue´e
6h C Partie d’un module de
tronc commun du DEA/
Master STIC spe´cialite´
Recherche Re´seaux et
Syste`mes Distribue´s
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Programmation pa-
ralle`le fonctionnelle
4h C Partie d’un module d’op-
tion commun aux DEA
/ Master STIC spe´cialite´
Recherche Programma-
tion : Mode`les, Langages,
Techniques et au Master
STIC Recherche Re´seaux
et Syste`mes Distribue´s
Par ailleurs, j’ai pris part aux travaux pratiques d’un certain nombre
d’autres enseignements.
1er cycle Bureautique 14h TP Deug MIAS, men-
tion Mathe´matique-
Informatique 1e`re anne´e
2eme cycle Programmation oriente´e
objet en Java
26h TP Licence Informatique
Outil de re´daction LaTeX 6h TP Licence Informatique
Compilation-Technologies
XML
21h TP IUP MIAGE 2e`me anne´e
1.6 Activite´s de recherche
1.6.1 Organisation et e´valuation de la recherche
Pre´sidence de comite´
– Pre´sidente du comite´ d’organisation du colloque STRATAGEM’96 qui
s’est de´roule´ au centre INRIA de Sophia-Antipolis, du 8 au 10 juillet
1996. Son objectif e´tait de pre´senter a` la communaute´ internationale les
principaux re´sultats obtenus dans le cadre du projet CNRS Stratage`me.
– Pre´sidente du comite´ de lecture d’un nume´ro spe´cial de Calculateurs
Paralle´les, e´dite´ chez Herme`s, sur le Metacomputing, finalement, paru
sous forme d’un ouvrage collectif [E2]1
– Pre´sidente du comite´ de programme de RenPar’15 (Rencontres Fran-
cophones du Paralle´lisme)
1Se re´fe´rer a` la liste des publications fournie en chapitre 2 de l’annexe
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– Pre´sidente du comite´ d’organisation de RenPar/SympAAA/CFSE, Ren-
contres Francophones en Paralle´lisme, Architecture, Ade´quation Al-
gorithmes Architecture et Syste`me, octobre 2003, La Colle sur Loup.
Pre´sidente de la session “Invite´” de RenPar’15.
– Pre´sidente du comite´ de lecture du nume´ro spe´cial de la revue Tech-
niques et Sciences Informatiques, sur les recherches actuelles en pa-
ralle´lisme, suite a` une se´lection des meilleures communications faites
lors de RenPar’15, voir [E4].
Participation a` des comite´s d’organisation
– Membre du comite´ d’organisation de la confe´rence ECOOP (Euro-
pean Conference on Object-Oriented Programming), qui s’est tenue
a` Sophia-Antipolis et Cannes en juin 2000. J’e´tais co-chair pour les
tables rondes, puis e´ditrice de l’une d’entre elles [E1].
– Vice-chair du topic “ Object Oriented Architectures, Tools and Appli-
cations” de la confe´rence EuroPar, Mu¨nich, Septembre 2000.
– Local vice-chair pour l’organisation de la confe´rence internationale IEEE
IPDPS (International Parallel and Distributed Processing Symposium),
qui s’est tenue a` Nice en avril 2003.
– Participation a` l’organisation du Premier Grid PlugTests, organise´ con-
jointement entre l’e´quipe OASIS et l’ETSI, 18-20 octobre 2004, Sophia-
Antipolis.
– Participation a` l’organisation de la confe´rence Grids@work, 10-14 oc-
tobre 2005, Sophia-Antipolis, organise´e conjointement entre l’e´quipe
OASIS et l’ETSI. Montage et suivi d’un contrat de collaboration entre
l’ETSI et l’INRIA (notamment concernant la mise en place d’une grille
de calcul pour le 2nd Grid Plugtests and contest) d’avril a` de´cembre
2005 ; pre´sentation de l’e´ve´nement au European Grid Technology Days
2005 organise´s par l’IST Unite´ Grid, Bruxelles, Mai 2005 ; recherche de
sponsors et de participants de type industriel ou acade´mique ; pre´sidence
de la session “Industrielle” ; e´laboration de communique´s de presse (voir
notamment la rubrique Chronique de [E4]).
– Publicity chair pour l’Europe concernant la 15e`me e´dition de la confe´-
rence internationale IEEE HPDC (High Performance Distributed Com-
puting), Paris, juin 2006
– Participation a` l’organisation de la confe´rence Grids@work II, 27 nov.-
1er de´cembre 2006, Sophia-Antipolis, organise´e conjointement entre
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l’e´quipe OASIS, l’ETSI et CoreGRID.
Participation a` des comite´s d’e´dition
– Membre permanent du comite´ de re´daction de Calculateurs Paralle`les,
revue AFCET-LBI, e´dite´e chez Herme`s jusqu’en 2003, de Mars 1996 a`
De´cembre 2001.
– Membre du comite´ de lecture pour la revue TSI (Techniques et Sciences
Informatiques), sur le the`me ”Syste`mes a` composants adaptables et
extensibles”, de´cembre 2002.
– Membre du comite´ de lecture pour la revue Concurrency and Com-
putation : Practice and Experience, sur un nume´ro spe´cial autour des
intergiciels pour la grille, Mars 2006.
Participation a` des comite´s de programmes
Internationaux :
– Membre du comite´ de programme du workshop ”Infrastructure and
Scalable Infrastructure”, Autonomous Agents confe´rence, 2001.
– Membre du comite´ de programme de la confe´rence internationale IADIS
intitule´e Applied Computing 2004, AC 2004, et de meˆme pour l’e´dition
de 2005
– Membre du comite´ de programme du workshop CoreGRID “Grid Sys-
tems, Tools and Environments”, Octobre 2005, Grids@work conference.
– Membre du comite´ de programme du 3rd Workshop on Middleware
for Grid Computing - MGC 2005 conjoint a` ACM/IFIP/USENIX 6th
International Middleware Conference, 2005. De meˆme pour l’e´dition de
2006, conjoint a` Middleware.
– Membre du comite´ de programme de la confe´rence internationale IAS-
TED intitule´e Parallel and Distributed Computing and Networks, PDCN
2004, et de meˆme pour les e´ditions 2005, 2006 et 2007
– Membre du comite´ de programme du workshop HPC Grid program-
ming Environments and COmponents and Component and Framework
Technology in High-Performance and Scientific Computing (HPC-
GECO+COMPFRAME), conjointement a` HPDC 2006
– Membre du comite´ de programme de la 20e`me e´dition de la confe´rence
ECOOP (European Conference on Object-Oriented Programming), 2006
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Nationaux ou Francophones :
– Membre du comite´ de programme de l’e´cole d’hiver du groupe CAPA
(Conception et Analyse d’Algorithmes Paralle`les) du GDR PRS (Pa-
ralle´lisme - Re´seaux - Syste`mes), Janvier 1995
– Membre du comite´ de programme de l’e´cole Paralle´lisme des groupes
EXEC, CAPA et Rumeur du GDR PRS, pour de´cembre 1997
– Membre du comite´ de programme de la premie`re e´dition des Journe´es
composants, Grenoble, octobre 2002
– Membre du comite´ de programme de la confe´rence LMO (Langages et
Mode`les a` Objets) 2003
– Membre du comite´ de programme de la troisie`me e´dition des Journe´es
composants, Lille, mars 2004.
– Membre du comite´ de programme de la confe´rence LMO (Langages et
Mode`les a` Objets) 2005.
– Membre du comite´ de programme des congre´s francophones annuels
RenPar7, RenPar8, RenPar9, RenPar10, RenPar11, RenPar12, Ren-
Par13 (pour 2001), et RenPar16 (avril 2005) (Rencontres Francophones
du Paralle´lisme, des Architectures et des Syste`mes)
Evaluations d’articles pour des comite´s de lecture ou de programme
– Future Generation Computing Systems (FGCS), International Euro-
pean conference on Parallelism (EuroPar 2006) 2
– ISPDC 2005, CompFrame 2005
– CMSGA at International Conference on Supercomputing (ICS) 2004,
Book on Grid Computing : Software Environments and Tools
– International conference on Cluster Computing and the Grid (CC-
Grid), EuroPar’03, International conference on Compiler Construction
(CC’03), Journal of Parallel and Distributed Computing (JPDC)
– International conference on High Performance Distributed Computing
(HPDC’11), Joint ACM conference JavaGrande-ISCOPE, SIROCCO
2002, Cardis’02
– International Conference on SuperComputing (ICS’01), International
Conference for High Performance Computing and Communications (Su-
perComputing SC’01), International conference on Autonomous Agents
2Les e´valuations re´alise´es dans le cadre de la participation a` des comite´s d’e´dition ou de
programme ont e´te´ indirectement mentionne´es pre´ce´demment, et ne sont donc pas repris
ici. Chaque ligne de la liste correspond a` une anne´e
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(AA’01), HPDC’10 , Journal on Mathematical Modelling and Numeri-
cal Analysis Modelisation (M2AN)
– Notere’2000, EuroPar’2000, I-SPAN’00, workshop JHPC at IPDPS 2000,
Parallel Computing
– HPCN (High Performance Computing Network) Europe’99, ISCOPE’99
– ECOOP’97
– JPDC special issue on “Object-Oriented Real-Time Systems’, OBPDC,
Symposium on Theoretical Aspects of Computer Science (STACS’96),
Euro-Par’96
– KBUP95
1.6.2 Collaborations scientifiques
Nationales
– INRIA3 Sophia Antipolis,
Equipe CAIMAN, coope´ration depuis 2002, sur la programmation pa-
ralle`le haut niveau, par objets et composants, pour la re´solution de
proble`mes de calcul scientifique. Coope´ration re´cemment soutenue par
le projet de l’ANR, appel Calcul Intensif et Grilles de Calcul, (Disco-
Grid), notifie´ en de´cembre 2005.
Equipe OMEGA, coope´ration depuis 2006, sur l’utilisation de tech-
nologies de programmation re´partie sur grappes et grilles de calcul,
pour re´soudre des proble`mes de mathe´matique financie`re. Coope´ration
soutenue par le projet de l’ANR, appel Calcul Intensif et Grilles de
Calcul, Grilles de Calcul applique´es a` des Proble`mes de Mathe´matiques
Financie`res (GCPMF), notifie´ en de´cembre 2005.
– Supelec, campus de Metz,
Equipe SID (Ste´phane Vialle), coope´ration depuis 2005, autour de la
mise en œuvre paralle`le et re´partie de simulations dans le domaine de
la finance, sur grilles de calcul. Soutenue par le projet GCPMF.
– LSR/IMAG,
Equipe ADELE, coope´ration depuis 2003, autour du de´ploiement et
de la supervision a` grande e´chelle de passerelles OSGi. Coope´ration
soutenue par le projet RNRT PISE, 2005-2006.
3Sont mentionne´es ici les e´quipes avec lesquelles des travaux communs menant ou pou-
vant mener a` des publications communes sont effectivement en cours, en ge´ne´ral soutenus
par des financements nationaux ou europe´ens
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Internationales
– Univ. of Pisa, Italie, Equipe de Marco Danelutto ; Univ. of Westmins-
ter, London, Equipe de Vladimir Getov ; Univ. of Mu¨nster, Equipe de
Sergei Gorlatch ; CYFRONET, Krakow, Pologne, Equipe de Marian
Bubak : coope´rations bi-late´rales sur la programmation par compo-
sants et par squelettes pour la grille, dans le cadre du re´seau d’excel-
lence CoreGRID, 2004-2008 ; elles ont vocation a` eˆtre renforce´es graˆce
au de´marrage du projet europe´en GricComp (Grids Programming with
Components : An Advanced Component Platform for an effective in-
visible grid) dont Denis Caromel est le leader scientifique (Juin 2006-
2008).
– Universitad Federal Rio Grande Del Sul, Porto Allegre, Bresil,
Equipe de Alexandre Navaud et Nicolas Maillard, coope´ration sur la
programmation paralle`le pour grappes et grilles. Coope´ration soutenue
par la direction des relations internationales de l’INRIA, 2006.
– INRIA Grenoble, e´quipe SARDES (Sara Bouchenak), et UPM (Univer-
sidat Polite´cnica de Madrid), e´quipe LSD, (Marta Patin˜o-Martinez),
coope´ration sur l’auto-administration de serveurs d’applications et leur
de´ploiement en environnement de type grille. Coope´ration soutenue par
l’ARC INRIA Autonomic Management of Grid-Based Enterprise Ser-
vices (AutoMan), 2006-2007
– ETSI (European Telecommunications Standardisation Institute), coope´-
ration autour des efforts de standardisation dans le cadre du grid com-
puting, et participation aux re´unions pre´paratoires de l’ETSI Technical
Committee GRID (Mike Fisher (BT) Chairman), lance´ officiellement
en juin 2006.
– Fraunhofer Institute, Berlin ; Univ. Basel ; VTT Finland, coope´ration
sur les architectures logicielles adaptatives et autonomes pour supporter
les re´seaux de communication de nouvelle ge´ne´ration, depuis Janvier
2006, dans le cadre du projet BioNets.
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1.6.3 Contrats de Recherche
Financements passe´s
– Participation4 au projet ESPRIT P440 MADS Message-Passing Archi-
tectures and Description Systems, 1988-1990
– Projet CNRS GDR PRS, Stratage`me, de de´cembre 1993 a` novembre
1995 (fin du projet). Laboratoires partenaires : PRiSM, LIFL, LIFO,
LIP, LMC-IMAG, LAAS, ENSEEIHT, LaBRI.
– Projet ARCAD : Architecture Re´partie extensible pour Composants
ADaptables, projet exploratoire du RNTL, Novembre 2000 a` De´cembre
2002. Equipes partenaires : Rainbow (I3S CNRS), DTL/ASR (France
Te´le´com R&D), SARDES (INRIA Rhoˆne-Alpes), et OCM (Ecole des
Mines de Nantes).
– Action Concerte´e Incitative (ACI) GRID 2001, “Globalisation des Res-
sources Informatiques et des Donne´es”, dans le cadre du projet “GRID
RMI : Objets distribue´s haute performance pour la grille de calcul”.
Equipes partenaires : PARIS (IRISA), Runtime (LABRI), GOAL (LIFL),
et CCR d’EADS (European Aeronautic Defence and Space Company).
2001-2002.
– Action Spe´cifique du CNRS, de´partement STIC, du Re´seau The´matique
Plurisciplinaire Calcul a` hautes performances et calcul re´parti, intitule´e
”Me´thodologie de programmation des grilles : quelles directions de re-
cherche dans les anne´es a` venir ?”, 2004.
– De´le´gation franc¸aise qui s’est rendue au Japon dans le cadre du work-
shop NII-Grid, 13-16 de´cembre 2004. Pre´sentation des activite´s de
l’e´quipe en terme de Grid computing, au Tokyo Institute of Techno-
logy.
Financements en cours
– Projet PISE : Passerelle Internet Se´curise´e et flExible www-adele.
imag.fr/PISE, projet pre´-compe´titif du RNRT, labellise´ en mai 2003,
4Les contrats et financements liste´s ici, ne sont pas tous ceux dont mon e´quipe de
recherche be´ne´ficie ou a pu be´ne´ficier, mais bien ceux autour desquels je me suis inves-
tie, notamment, en ce qui concerne le montage et/ou le suivi scientifique, administratif,
financier, ou encore la production de rapports
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de´marre´ en janvier 2005 pour 2 ans. Laboratoires et entreprises parte-
naires : Schneider Electric SA, Universite´ Joseph-Fourier - IMAG/LSR,
France Te´le´com R&D, Trialog. Responsable scientifique de la partici-
pation de l’e´quipe INRIA OASIS a` ce projet.
– Projet europe´en ITEA S4ALL Services for All, Juillet 2005- Juillet
2007. Le projet est construit autour de 3 ensembles de partenaires,
soit 6 grandes companies (Alcatel CIT Research and Innovation, Bull,
Nokia, Schneider Electric, Thales and Vodafone), 3 PMEs (Capricode,
mCentric, Xquark), et 6 partenaires acade´miques (Fraunhofer Fokus,
Helsinki Institute for Information Technology, INRIA, INT, Univ. Jo-
seph Fourier IMAG, Univ. Politecnica de Madrid).
Responsable scientifique de la participation de l’e´quipe INRIA OASIS
a` ce projet.
– Support technique a` l’organisation du second Grid Contest and Plug-
tests, Grids@work conference, ETSI, financement e-Europe, sur la pe´-
riode avril-de´cembre 2005. Renouvellement d’un tel contrat pour l’or-
ganisation du troisie`me Grid Contest and Plugtests, Grids@work II,
sur la pe´riode Juillet 2006-Janvier 2007.
– SSA (Support Specific Action) europe´ene GridCoord ERA Pilot on a
co-ordinated Europe-wide initiative in Grid Research, www.gridcoord.
org Juillet 2004, pour 2 ans.
– Network of Excellence europe´en CoreGRID Foundations, Software In-
frastructures and Applications for large scale distributed, GRID and
Peer-to-Peer Technologies www.coregrid.net, Sept. 2004 pour 4 ans.
Implication dans les Research Institutes on Programming Model, and
Problem Solving Environment and Grid Systems. Responsable admi-
nistratif pour le partenaire INRIA Sophia-Antipolis/UNSA.
– Integrated Project BioNets : Bio inspired Networking Technologies www.
bionets.org de l’unite´ FET (Future Emerging Technologies) de l’IST,
Jan. 2006 pour 4 ans, conjointement avec l’e´quipe MAESTRO de l’IN-
RIA Sophia-Antipolis. Participation a` 6 taˆches, dont 2 en tant que
responsable.
– Projet de l’ANR, appel Calcul Intensif et Grilles de Calcul, Grilles
de Calcul applique´es a` des Proble`mes de Mathe´matiques Financie`res
(GCPMF), De´but 2006 pour 3 ans ; travaux conjoints en cours avec
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l’e´quipe OMEGA de l’INRIA Sophia-Antipolis et Supelec.
– Projet de l’ANR, appel Calcul Intensif et Grilles de Calcul, DIStributed
objects and Components for high performance scientific computing on
the GRID’5000 test-bed, De´but 2006, pour 3 ans, conjointement avec
les e´quipes CAIMAN, SMASH de l’INRIA Sophia-Antipolis.
– Programme Relations Internationales de l’INRIA, International Stu-
dents. Accueil de Elton Mathias, e´tudiant en master a` l’UFRGS, Porto
Allegre, Bre´sil, durant 6 mois de l’anne´e 2006.
– ARC INRIA Autonomic Management of Grid-Based Enterprise Ser-
vices (AutoMan) http://sardes.inrialpes.fr/research/AutoMan/,
2006-2007.
– Projet AGOS Architecture Grid Oriente´e Services, labellelise´ dans le
cadre du poˆle de compe´titivite´ de la re´gion Provence Alpes Coˆte d’Azur,
Solutions Communicantes Se´curise´es. Partenariat avec Oracle, HP, Ama-
deus sur l’inte´gration des technologies de Grid aux services d’entreprise,
mi juillet 2006 pour 3 ans.
1.6.4 Participations a` des jurys de the`ses de doctorat
– Houari Tine,
“Notion d’e´tat et Mode`le objet : Re´flexion et Contribution “ , Institut
National des Sciences Appliquees de Lyon, de´cembre 1999, en tant que
co-rapporteur, avec D. Caromel.
– Eric Gascard,
“Me´thodes pour la ve´rification formelle de syste`mes mate´riels et logi-
ciels a` architecture re´gulie`re”, Universite´ de Provence, juillet 2002, en
tant qu’examinatrice.
– Pierre Vigne´ras,
“Vers une programmation locale et distribue´e unifie´e au travers de l’uti-
lisation de conteneurs actifs et de re´fe´rences asynchrones.” Universite´
de Bordeaux I, novembre 2004, en tant que co-rapporteur avec M. Ri-
veill.
– Guillaume Mercier,
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“Communications a` hautes performances portables en environnements
hie´rarchiques, he´te´roge`nes et dynamiques” Universite´ de Bordeaux I,
de´cembre 2004, en tant qu’examinatrice.
1.6.5 Encadrement de chercheurs
Post-Doctorat
– Nikolaos Parlavantzas, ”Dynamic Software Components Composition
in GRID Environments”, mai 2005-fe´vrier 2006. Co-encadrement avec
Denis Caromel. Financement ERCIM dans le cadre du NOE Core-
GRID.
Doctorat
– Nathalie Furmento, “SCHOONER : Une encapsulation oriente´e ob-
jet de support d’exe´cution pour applications re´parties”, soutenue en
mai 1999. Co-encadrement a` hauteur de 95%, avec Jean-Claude Ber-
mond. Membres du jury : Jean-Paul Rigault (Pre´sident), Jean-Franc¸ois
Me´haut, Bernard Vauquelin (Rapporteurs), Anne-Marie Pina-Dery.
Nathalie Furmento a occupe´ ensuite un poste de “research associate”
a` Imperial College, Londres, puis a obtenu un poste d’inge´nieur de
recherche CNRS, au LaBri en janvier 2005.
– Fabrice Huet, “Objets mobiles : conception d’un middleware et e´valua-
tion de la communication”. Co-encadrement a` hauteur de 50%, avec
Denis Caromel. Soutenue en de´cembre 2002. Membres du jury : Phi-
lippe Nain (Pre´sident), Brigitte Plateau, Jean-Bernard Stefani, Bernard
Toursel (Rapporteurs).
Fabrice Huet a e´te´ en 2003-2004 en post-doctorat INRIA a` vrije Uni-
versiteit d’Amsterdam. Depuis septembre 2004, il occupe un poste de
maitre de confe´rences a` l’UFR Sciences de l’UNSA et est membre de
l’e´quipe OASIS.
– Emmanuel Reuter, “Objets mobiles pour l’administration des syste`mes
et des re´seaux”. Encadrement a` 100%. Membres du jury : Michel Ri-
veill (Pre´sident), Olivier Festor, Serge Chaumette (Rapporteurs), J-L
Ernandez.
De´but de the`se a` temps partiel (emploi d’inge´nieur syste`me et re´seau
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a` l’IUFM de Nice) en novembre 2000, soutenue en mai 2004. Depuis
septembre 2005, mutation sur un poste d’inge´nieur a` l’Universite´ de la
Nouvelle Cale´donie.
– Laurent Baduel, “Communications de groupe pour la programmation
oriente´e objet paralle`le”. Co-encadrement a` hauteur de 50%, avec Denis
Caromel. De´but de the`se en octobre 2001, soutenue en juillet 2005.
Membres du jury : Johan Montagnat (Pre´sident), Henri Bal, El-Ghazali
Talbi, Andre´ Schiper (Rapporteurs), Emmanuel Cecchet.
Depuis novembre 2005, post-doctorant JSPS dans le groupe de Satoshi
Matsuoka, Tokyo Institute of Technology.
DEA/Master Recherche
– Franck Delaplace, “Routage efficace de messages pour des processus
migrants”, DEA Informatique Paris 13, 1990-1991
– Nathalie Furmento, “Acce`s a` PVM par l’interme´diaire du langage ADA
dans un objectif de programmation conviviale d’applications paralle`les”,
co-encadrement avec Daniel Lafaye de Micheaux, DEA Informatique
UNSA, 1993-1994.
– Sylvain Gamel “Transmission efficace d’objets pour un langage oriente´
objet paralle`le”, DEA Informatique UNSA, 1995-1996.
– Fabrice Huet “Communication de groupe et migration”, co-encadrement
avec Denis Caromel, DEA Re´seaux et Syste`mes Distribue´s, UNSA,
1999.
– Emmanuel Reuter “Les agents mobiles et actifs pour l’administration
de re´seaux”, DEA Re´seaux et Syste`mes Distribue´s, UNSA, 2000.
– Haris Saybasili, co-encadrement avec Denis Caromel, “Les Composants
Hie´rarchiques pour ProActive” DEA Re´seaux et Syste`mes Distribue´s,
UNSA, 2002.
– Paul Naoumenko, co-encadrement avec Ludovic Henrio, ”Component-
oriented approach for adaptative and autonomic computing”, Master
STIC spe´cialite´ RSD et 3e`me anne´e inge´nieur Polytech’Nice, UNSA,
2006. Poursuite en doctorat graˆce a` un financement avec la Re´gion
PACA.
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Stage Inge´nieur
– Ca˘lin S¸andru, “Various Implementations of the MPI Standard : LAM,
CHIMP, MPICH and UNIFY”, Projet de fin d’e´tude de l’universite´ de
Timisoara, Roumanie, dans le cadre du projet TEMPUS, 1994-1995
– Philippe Barette et Cyrille Tonin, “Imple´mentation d’une librairie de
communication pour un langage C++ paralle`le au dessus de PVM et
d’une bibliothe`que de threads”, Ecole Supe´rieure des Sciences Informa-
tiques 3e`me anne´e, 1995-1996
– Ovidiu Codreanu, “Partitionnement de graphes pour de la simulation
distribue´e de re´seaux de files d’attente” Projet de fin d’e´tude de l’uni-
versite´ technique de Cluj-Napoca, Roumanie, dans le cadre du projet
TEMPUS, 1995-1996
– Alexandre Clavaud, “Conception et de´veloppement d’un outil d’analyse
de performances pour applications distribue´es”, Ecole Supe´rieure des
Sciences Informatiques 3e`me anne´e, 1996-1997
– Damien Praca “Solution de transfert de donne´es entre PC et te´le´phones
mobiles pour les applications Java”, Stage de fin de´tude, Ecole Supe´rieure
d’Electronique et du Nume´rique de Lille. Co-encadrement avec V. Berge
(Mobile-distillery), 2005.
– Fre´de´ric Sassolas, “Princing of European Options with Distributed
Monte Carlo simulations in ProActive”, Stage Supelec 2e`me anne´e,
2005. Co-encadrement avec S. Vialle, Supelec.
– Doan Viet Dong et Samir Ouifi, ”Grid computing applied to option pri-
cing”, Projet Master Professionel IMAFA, Polytech’Nice, UNSA, 2005-
2006, co-encadrement avec Mireille Bossy, INRIA.
– Doan Viet Dong, ”Paralle´lisation d’algorithmes en mathe´matique fi-
nancie`re sur grille de calcul” , Stage Master Professionel IMAFA, Poly-
tech’Nice, UNSA, 2005-2006, co-encadrement avec Mireille Bossy, IN-
RIA.
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